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ABSTRACT 
 
TiO2 is an attractive material for photo electrochemical hydrogen production and in this work 
the synthesis of this compound by hydrothermal, gel-calcination and one-step templating 
methods is investigated. Rutile-phase TiO2 rods, which are known to offer direct electrical 
pathways for photo generated electrons when using TiO2 as a photo anode in a photo-
electrochemical hydrogen cell, were prepared on both F:SnO2 (FTO) coated glass and Ti foil 
substrates. Anatase-phase TiO2 tubes and mixed rutile-anatase-phase TiO2 nanostructured 
films were developed on FTO-coated glass substrates.  
 
Rutile-phase TiO2 rod-like structures, were synthesized hydrothermally at 150 
oC for different 
times (6 – 20 hours) on FTO-coated glass substrate, in an aqueous solution of hydrochloric acid 
and titanium butoxide. The rod-like structures were found to comprise bundles of crystalline 
prismatic TiO2 nanorods, each approximately 4 nm in width. Each bundle was tetragonal in 
shape and highly oriented with respect to the substrate surface. The average diameter of the 
bundles varied depending on the growth time, and reached a mean diameter of ~175 nm after 
20 hours of growth. In terms of Raman scattering, these bundles of nanorods acted as single 
entities, appearing to act as “larger” crystals to the lattice phonons. Hence, phonon confinement 
effects could not be observed, because the translational symmetry is preserved at the 
boundaries between individual rods. Moreover, as the preferential perpendicular orientation of 
the bundles improved with growth time, an unusual increase in the room and low (77K) 
temperature Eg/A1g Raman band intensity ratios was observed. The low temperature Raman 
peak position and peak width data was interpreted as supporting the hypothesis that the bundles 
of nanorods acting as single entities from the point of view of the lattice phonons. The phonon 
symmetries and frequencies (in cm-1) of these bundles of rutile-phase TiO2 were found to be 
consistent with rutile-phase TiO2 phonon symmetries and frequencies. 
 
Rutile-phase TiO2 rod-like structures were prepared on Ti foil following a two-step gel-
calcination method, which involves a gel-deposition process in 5 M NaOH solution at 76 oC 
for 24 hours to produce a Na- (and Ti-) based layer of gelatinous material, followed by 
calcination at 600 oC or 800 oC for 1 hour. It is shown that the use of an alkali-based solution 
such as NaOH and KOH during gel-deposition, leads to the formation of faceted nanorods of 
rutile-phase TiO2 upon calcination at high temperature. When a solution that does not contain 
any alkali element, such as H2O2, was used, the material formed upon calcination at 800 
oC 
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were clustered nanoparticles, rather than nanorods. From the experiments it was deduced that 
the high temperature calcination step converted the Na(or K)-based amorphous gel (formed on 
the Ti surface during a 24-h soak in NaOH (KOH) solution) into faceted Na-titanate rods, which 
converted into nanorods of rutile-phase TiO2 when Na(or K) evaporates in the form of an oxide.  
 
Anatase-phase TiO2 tube-like structures were produced by a one-step templating solution 
approach, on FTO-coated glass substrate. ZnO nanorod templates were prepared by chemical 
bath deposition on FTO-coated glass substrate, and then treated in an aqueous mixture of 
ammonium hexafluorotitanate and boric acid. To study the effect of the template morphology 
and deposition processes on the formation of anatase TiO2 tubes, different times (10 – 60 
minutes) and concentrations of the precursors are used. Calcination at 550 oC converted the Ti-
based material developed on the ZnO rods into TiO2 nanostructures. A 10 minute deposition 
yielded tubes with dimensions resembling those of the ZnO template. However, the tube walls 
still contained Zn traces. Based on experimental observations, it was concluded that the 
production of titanium hydroxide complexes on ZnO surfaces takes place through two 
competing processes: the development of a Ti-based material and partial dissolution of ZnO 
along the c-axis. Calcination at 550 oC in air finally yielded anatase TiO2.  
 
Mixed rutile-anatase-phase TiO2 nanostructured films on FTO-coated glass substrate were 
prepared by decorating bundles of crystalline prismatic TiO2 nanorods (prepared 
hydrothermally) with anatase-phase TiO2 particles, using the same precursors mentioned 
above. The effect of reaction time and precursor concentrations were investigated. It was found 
that the precursor concentration ratio and reaction time played key roles in controlling the 
decoration process. Optimal ratios and decoration times were established based on the density 
of anatase-phase TiO2 decorating particles on the surface of bundles of rutile-phase TiO2 
nanorods.  
  
The optical properties of rutile-phase TiO2 rods were investigated. The thickness of the TiO2 
layer was calculated from reflectance fringes, and agreed well with the length of rods observed 
using SEM. The room temperature absorption edge of Eg=2.90 eV extracted from the 
transmittance spectrum correlated with typical values reported for TiO2. The room temperature 
absorption edge of the conductive layer of F:SnO2 (Eg=3.56 eV) could also be extracted from 
the transmittance spectrum. Finally, the absorption of white light by rutile-phase TiO2 rods was 
confirmed to be enhanced by annealing the rods in either hydrogen or nitrogen at 600 oC. 
Defects (possibly oxygen vacancies) or disorder in the near surface layers of TiO2 induced 
vi 
 
during the reduction experiments, created new electronic states in the band gap, as reported in 
literature. 
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INTRODUCTION 
 
We’re running the most dangerous 
experiment in history right now, 
which is to see how much carbon 
dioxide the atmosphere can handle 
before there is an environmental 
catastrophe. 
_________________________ 
Elon Musk 
 
The availability of sustainable, reliable, cost-effective renewable energy sources is one of the 
challenges facing the world in the 21st century. The improvement in human living standards 
and a steady increase in the world population have resulted in a high usage of and demand for 
energy. Most of the energy used in the world today is produced from fossil fuels, which include 
oil, natural gas and coal. However, the disadvantages of fossil fuel energy include a limited 
stock, pollution and global warming associated with the burning of fossil fuels [1]. This trend 
has sparked a global thinking toward renewable and environmentally friendly energy sources, 
such as hydrogen fuel cells. Hydrogen is a zero-emission fuel which can be produced by 
electrochemical cells and (for example) be used for combustion in engines to power vehicles 
and electric devices. It is also used in the propulsion of spacecraft and can potentially be mass 
produced and commercialized for passenger vehicles and aircraft. Therefore, hydrogen fuel is 
a very attractive replacement for fossil fuels [1].  
 
Hydrogen fuel can be produced from water in a process called water splitting, which employs 
sunlight as the driving force for electrolysis [2]. One of the first reports describing this 
possibility was published in 1972 by Fujishima et al. [3]. The authors found that an 
electrochemical cell made of a platinum cathode and a titanium dioxide (TiO2) anode, was able 
to split water into hydrogen and oxygen gas under UV illumination. However, the hydrogen 
production efficiency was quite poor for several reasons, including material aspects like poor 
photo-response, poor electrical conductivity, unsuitable band gap, low chemical stability and 
interfacial band edge mismatch (due to band bending). Nevertheless, there is a growing interest 
in quasi-one-dimensional TiO2 nanostructures, such as rods, wires, belts and tubes [4–9]. These 
structures offer superior charge transfer properties and high stability, making them suitable as 
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photo-catalysts with improved water splitting efficiency. Nanotubes and nanowires, in 
particular, offer direct electrical pathways for photo-generated electrons and could increase the 
electron transport rate, which in turn could improve the performance of devices such as solar-
to-hydrogen cells [10]. 
 
Three types of water splitting systems have been studied and developed over the past few years, 
including (i) solar cells and electrolysers (wherein optical energy is converted into electrical 
energy that electrolysers require) (ii) photocatalyst cells (PCs) (wherein optical energy provides 
the activation energy for exoergic chemical reactions) and (iii) photoelectrochemical cells 
(PECs) [2]. However, PECs is the most attractive approach for water splitting because without 
the use of electrical energy to drive carriers through an external circuit, charge carriers are 
directly generated from the absorption of sun light at one of the electrodes for the reduction 
and oxidation of water. This can be achieved by using a nanostructured photo anode and/or 
photocathode that are in direct contact with water. However, the efficient production of 
hydrogen through water electrolysis demands several material characteristics [1–2, 11]: a 
suitable direct band gap (1.6 eV to 2.1 eV), good electrical conductivity, high chemical stability 
and optimal alignment of the semiconductor band-edge relative to the hydrogen evolution 
potential. Different III-V (p-GaInP2 …) [12] and oxide (WO3, TiO2 …) [4, 13] semiconductor 
compounds to name a few, have been developed and evaluated as electrodes (anode/cathode) 
for hydrogen production through water splitting.  
 
Strategies proposed in the literature to improve the poor hydrogen production efficiency 
include: 
1. The development of ordered 1-dimensional (1D) TiO2 nanostructures. TiO2 1-D 
nanostructures, vertically aligned with respect to the substrate, such as arrays of 
nanowires (or nanorods) [4–7] or nanotubes [8–9], shorten the electron transport 
pathways and promote the accessibility of the nanostructured electrode to hole-
transporting materials, due to the direct electrical pathways they offer for photo 
generated electrons; and could consequently increase the electron transport rate; 
2. Coupling two different types of photocatalytic semiconductor materials or photo-
electrolytic materials, in order to enhance electron-hole charge separation. For 
example, the coupling of anatase and rutile phase TiO2 allows the transfer of excited 
electrons from anatase to rutile TiO2 as a result of the slightly lower conduction band 
energy of the rutile phase, and thus charge recombination can be suppressed [10, 14]. 
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3. The reduction of TiO2 by thermal treatments in a reducing ambient such as H2, which 
results in a higher light absorption of white light, and eventually increased 
photoactivity [15]. The “colour” of such a treated sample of TiO2 turns from white to 
grey to even black.  
 
Nevertheless, these outcomes are not yet completely understood as they strongly depend on the 
experimental processes and setups. In addition, they strongly depend on the properties of the 
starting material. Hence, there remains a need to establish more accurate experimental 
conditions for material development processes. Also, to date the highest solar-to-hydrogen 
efficiencies reported for semiconducting oxides acting either as a photoanode or -cathode fall 
well short of the value of ~10 % required for the practical application of this technology [16]. 
The achievement of such efficiencies remains a subject for research and materials development, 
specifically in terms of materials development methods and investigations of fundamental 
material properties.  
 
In this context, the main objectives of this thesis are: 
 
(1) The establishment of repeatable experimental conditions for the development of 
laboratory scale photoanodes made of rutile-phase TiO2 rods on glass and Ti foil 
substrates, by hydrothermal and gel-calcination methods, respectively, and detailed 
studies of the structural properties and formation mechanisms.  
(2) The development of anatase-phase TiO2 structured into tubes using ZnO rods as 
templates by a one-step templating method. This investigation benefited from years of 
experience in the development of nanostructured ZnO material gained in our group [17–
19].  
(3) The decoration of rutile-phase TiO2 rods with anatase-phase particles.  
(4) The exploration of the effects of annealing in hydrogen and nitrogen gas on the optical 
properties of rutile-phase TiO2 rods on FTO-coated glass.  
 
The research activities highlighted above are reported in this thesis as follows. 
 
Chapter 1 – LITERATURE REVIEW: A thorough review of fundamental properties of 
TiO2 that are of relevance to the current study is presented.  
Chapter 2 – EXPERIMENTAL METHODS AND CHARACTERIZATION 
TECHNIQUES: An overview on the scientific framework of this thesis work, descriptions 
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of the apparatus used for the gel-calcination and hydrothermal growth of TiO2-based photo-
anodes, the reducing experiments and the characterisation techniques employed in this 
study, are presented.  
Chapter 3 – DEVELOPMENT OF RUTILE-PHASE TITANIUM DIOXIDE 
NANORODS ON FTO-COATED GLASS SUBSTRATES AND TITANIUM FOIL: 
The structural properties and formation mechanisms of rutile-phase TiO2 developed on 
FTO-coated glass substrates and Ti foil are discussed in this chapter.  
Chapter 4 – DEVELOPMENT OF ANATASE-PHASE TITANIUM DIOXIDE 
TUBES ON FTO-COATED GLASS SUBSTRATES: A report on the deposition 
processes used to develop TiO2 tubes upon calcination, is presented. The method in this 
study improves upon the one-step templating solution approach reviewed in chapter 1. 
Chapter 5 – DEVELOPMENT OF MIXED RUTILE-ANATASE-PHASE TITANIUM 
DIOXIDE NANOSTRUCTURED FILMS: An attempt to decorate rods made of bundles 
of single-crystal rutile-phase TiO2 prismatic nanorods on FTO-coated glass is presented. 
The method used in this study improves upon the one-step templating solution approach 
reviewed in chapter 1 and used in chapter 4.  
Chapter 6 – OPTICAL STUDIES OF TITANIUM DIOXIDE PREPARED ON 
FLUORINE DOPED TIN OXIDE-COATED GLASS SUBSTRATE: A report on the 
successful application of well-established methods to determine the optical properties, such 
as the band gap, of two, three and four-media thin film semiconductor structures to a three-
medium thin film structure made of rods or tubes of TiO2, F:SnO2 and a glass substrate, is 
presented.  
Chapter 7 – BAND GAP ENGINEERING AND CHARACTERISATION: An 
explorative investigation on the effect of annealing of rods made of rutile-phase TiO2 
prismatic nanorods in hydrogen and nitrogen gas on the optical properties is presented.  
Chapter 8 – CONCLUSIONS AND PERSPECTIVES. This chapter summarizes the 
work done and presents crucial further experiments which may be explored in the future.  
 
The contents of this thesis have contributed to the publication of the following papers:  
• Crispin Munyelele Mbulanga, S. R. Tankio Djiokap, Z. N. Urgessa, A Janse van 
Vuuren, R. Betz and J. R. Botha: Formation mechanism of the rutile-phase of 
TiO2nanorods on Ti foil substrate by gel-calcination method, Journal of Sol-Gel 
Science and Technology, March 2018, Volume 85, Issue 3, pp 610.  
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• Crispin Munyelele Mbulanga, Z. N. Urgessa, S. R. Tankio Djiokap, J. A. A. 
Engelbrecht, R. Betz, and J. R. Botha: Optical studies titanium dioxide prepared on 
fluorine doped tin oxide-coated glass substrate. accepted for publication in the 2018 5th 
SMEOS SPIE Proceedings. 
 
The results achieved in this thesis were also presented by the author at two international 
conferences: 
• Material Research Society (MRS) 2018 Spring Meeting (Phoenix, USA, April 
2017); poster presentation: “Effect of ZnO nanorod template morphology on the 
formation of TiO2 end-capped nanotubes prepared by gel-calcination”. 
• 5th Sensors, Micro-electro-mechanical systems and Electro-Optical Systems 
(SMEOS) 2018 (Skukuza, South Africa, September 2018); poster presentation: 
“Structural, morphological and optical studies of Rutile-phase TiO2 rods grown on 
F:SnO2-coated glass substrate by hydrothermal chemical bath deposition”.  
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1. LITERATURE REVIEW 
  
Materials required for photo-electrochemical hydrogen production ought to be able to absorb 
the maximum solar energy and exhibit an efficient catalytic activity for water decomposition. 
Among the possible candidates (such as GaAs [20], to name one), the most sustainable 
performance is achieved from oxide materials [2]. Of these, TiO2 is the preferred material due 
to its high corrosion resistance, despite having a high band gap (3.03 eV for the rutile-phase 
and 3.2 eV for the anatase-phase) [2].  
 
Therefore, in this chapter, the fundamental properties of titanium dioxide (TiO2) that are of 
relevance to the current study are reviewed and summarised. Section 1.1 presents the synthesis 
methods used to develop TiO2 structures. Section 1.2 summarises the known and well-
established properties of TiO2 regarding crystal structure, electronic and optical properties, and 
also discusses the models for band alignment in mixed rutile-anatase-phase TiO2 systems. 
Section 1.3 discusses methods of engineering the band gap in titanium dioxide. Finally, in 
section 1.4, the fundamentals of photocatalytic water splitting are thoroughly discussed, as the 
purpose of this study is the development of TiO2 for photo-electrochemical hydrogen 
production.  
 
1.1 Synthesis methods for titanium dioxide nanostructures 
 
There are so many synthesis methods used for the production of titanium dioxide 
nanostructures in the scientific and patenting literature that it is impossible to discuss or even 
mention all of them. Therefore, only hydrothermal, gel-calcination and one-step templating 
solution methods are discussed in this section. 
 
1.1.1 Hydrothermal method 
 
Hydrothermal synthesis relies on the forced hydrolysis of reactants in order to produce 
compounds of oxygen with non-organic materials (oxide ceramics). Hydrothermal synthesis is 
inexpensive in terms of the instrumentation, energy and precursors compared with other 
solution-based synthesis methods [21]. The ionic species needed for the development of these 
oxide ceramics may be sourced by thermal decomposition, generally from metal alk-oxides or 
metal salts, either by boiling them in an inert atmosphere or by using an autoclave at higher 
temperatures and pressures [4, 22]. The temperature can be elevated above the boiling point of 
water, reaching the pressure of vapor saturation. The solvent is usually water. Single crystal 
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nanorods or nanowires can hence grow in the solution, producing a powder. These 
nanostructures can also grow on substrates if there is an adequate lattice parameter match 
between the growing metal oxide of interest and the substrate. Although a great deal of research 
is still needed for a deeper understanding of the mechanisms responsible for the growth of 
crystalline metal oxides using hydrothermal methods, it is believed that these crystals grow 
either (i) by localised formation of a distinct thermodynamic phase in solution (homogeneous 
nucleation), and/or (ii) on a substrate (heterogeneous nucleation) [23–25].  
 
For the growth of metal oxide crystals on substrates, two main formation mechanisms have 
been discussed in the literature. The first one involves the reaction of atomic species at the 
surface of stable nuclei that were pre-coated on the substrate. An atom (or ion) interacts with 
another atom during the process, building a crystal lattice [26]. The second formation 
mechanism is a cluster-by-cluster growth along a preferred crystal direction [27].  
 
 
Figure 1-1. Full emission scanning electron microscopy (FESEM) images of an oriented rutile phase TiO2 
nanorod film grown on FTO substrate in 30 ml of deionized water, 30 ml of hydrochloric acid, and 1 ml of 
titanium butoxide at 150 °C for 20 h. (a) top view, (b) cross-sectional view, (c) and (d) tilted cross-sectional 
views (after Liu et al. [28]).  
 
Single-crystalline rutile-phase TiO2 nanorods on transparent conducting substrates (fluorine-
doped tin oxide (FTO)) grown by the hydrothermal method was first reported by Liu et al. [28] 
in 2009 (to the best of my knowledge). The authors prepared an oriented rutile phase TiO2 
nanorod film on an FTO substrate in 30 ml of deionised water, 30 ml of hydrochloric acid, and 
(a) (b) 
(c) (d) 
 
100 nm 
  
200 nm 
  
1 µm 
  
1 µm 
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1 ml of titanium butoxide at 150 °C for 20 h, as shown in Figure 1-1. The corresponding (a) 
transmission electron microscopy (TEM) results and (b) selected area electron diffraction 
(SAED) pattern for a nanorod are presented in Figure 1-2 [28]. Based on these results, the 
authors concluded that a typical single nanorod, as seen in Figure 1-1, was completely 
crystalline along its entire length [28]. However, further structural characterisation by me of an 
individual nanorod prepared by the same method (hydrothermal growth) revealed another 
interesting feature. While crystalline along their entire length as reported, in this thesis work it 
was found that they are made of bundles of single-crystalline TiO2 prismatic nanorods of ~4 
nm in thickness. A detailed discussion on this matter is presented in chapter 3, section 3.1. It is 
worth noting that, since Liu et al. [28] investigated the effects of growth time, temperature, 
substrates, initial reactant concentration, acidity, titanium precursors and the addition of 
surfactants on the growth process of rutile-phase TiO2 using the hydrothermal method, the 
focus in chapter 3, section 3.1 will be on the structural properties of one single rod, and on the 
orientation of single TiO2 rods with respect to the substrate. 
 
 
Figure 1-2. (a) TEM image of a single TiO2 nanorod shown in the inset; (b) SAED pattern of the same TiO2 
nanorod (after Liu et al. [28]).  
 
1.1.2 Gel-calcination method 
 
Gel-calcination is a thermochemical process used for the production of metal oxide materials. 
This method is also called gel-oxidation [29–31]. The method involves two stages: (i) gel 
development or gelation, during which a gel is developed through aqueous chemical reactions 
and/or an aging step ( the purpose being to develop an amorphous metal-based gel at the end 
of the gelation process); and (ii) calcination, where the developed gel is heated at various 
temperatures to form a surface layer where the gel has been converted into a solid state phase(s) 
[5, 29–32]. In the case of TiO2, the typical route is the alkali one. For the alkali route, precursors 
are corrosive chemical agents such as alkali hydroxides and metallic substrate such as Ti foil 
(a) 
  
1 µm 
(b) 
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(for the development of the gel). Note that other corrosive agents such as hydrogen peroxide 
have also been used to produce TiO2 [33].  
 
1.1.2.1 Alkali-route 
 
The gel is developed from the reaction of an alkali hydroxide with the surface of the Ti foil. 
The general process is outlined in reactions described by equations (1.1) to (1.3). A and M 
stand for elements of groups II and IV, respectively.  
 
xAm′OHn′ + yM (solid) → zMm′′An′′OHo + by products (1.1) 
  
Mm′′An′′OHo′′ ⟶⏟
∆
Mm′′An′′′Oo′(solid) + H2O
↗ 
or (depending on the reaction and heat treatment conditions) 
(1.2) 
xMm′′An′′OHo′′ ⟶⏟
∆
yMm′′′′On′′′′(solid) + zH2O
↗ + vAo′′Op
↗
 (1.3) 
 
The alkali route has been intensively used in the past for the synthesis of TiO2 on Ti foil, with 
different nano-scale architectures in both the anatase and rutile phases. It has also been used 
for the modification of Ti foil surfaces for biomedical applications [30–31, 34–36]. Typically, 
the corrosive agents were Na, K and Li hydroxides [5, 37–39]. For instance, Abdullah et al. 
[29] investigated the corrosive effect of NaOH on a Ti foil substrate as a function of 
concentration (0.5 M, 1.0 M and 5.0 M NaOH) and time. For prolonged treatments (24 h at 60 
oC) of the Ti foil followed by calcination at high temperatures (400 – 800 oC), the authors 
proved that TiO2 films of submicron thickness could be produced as described by equations 
(1.4) and (1.5) below: 
 
NaOH + Ti(foil) → Na2O · 5TiO2(amorphous) + by products, (1.4) 
  
Na2O · 5TiO2  ⟶ ⏟
800 ℃ for 1 h
TiO2(solid) + Na2O
↗. (1.5) 
 
1.1.3 One-step templating solution approach  
 
The one-step templating solution approach is a wet chemical technique based on the hydrolysis 
and condensation of precursors to prepare metal-based hydroxides [40–42]. The precursor 
solution can either be deposited onto the substrate to form a film, cast into a suitable container 
with the desired shape, or used to synthesize powders. Oxy-acids may be added to control the 
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hydrolysis or slow down the condensation process [42–43]. The one-step templating solution 
route offers the possibility of using templates for the development of metal oxides with 
different architectures. However, one drawback of this method is that unreacted reactants and 
unremoved templates might exist in the final product and hence influence the properties of the 
developed material. In addition, the reaction stages and solution viscosity cannot be exactly 
controlled throughout the one-step templating solution approach. 
 
Amongst the precursors generally used, hexafluoro complexes of group IV (Si, Ge, Sn, Ti, Zr, 
… [44]) turned out to be good candidates when the use of templates was envisaged for the 
morphological engineering of metal oxides of group IV [7, 45–46]. The general process is 
outlined below by the equilibrium reactions (1.6) and (1.7), where M represents an element of 
group IV.  
 
MF6
2− + 2nH2O ⇌  MF6−n(OH)n
2− + nF−+ nH3O
+ [44] (1.6) 
MF6
2−  → ⏞
nOH−
MF6−n
2− + nF−  → ⏞
(6−n)OH−
M(OH)6
2−
↓ +6F− (1.7) 
 
Schmitt et al. [44] demonstrated that the reaction represented by equation (1.6) does not go to 
completion even to the extent of the replacement of fluoride ion by a hydroxyl ion. However, 
if n becomes larger, as upon the addition of a base, the complex MF6−n(OH)n
2−
 precipitates 
as a hydroxide, as shown by equation (1.7). Calcination at high temperature (e.g. 550 oC) leads 
to the conversion of the hydroxide into metal oxide crystals. More details on the chemistry of 
the one-step templating solution approach are discussed in chapter 4. 
 
1.1.4 Reported crystalline TiO2 materials developed by gel-calcination and by the one-
step templating solution approach  
 
Gel-calcination, through the alkali route in particular, has been successfully applied to Ti foils 
for the synthesis of TiO2 [29–30], [32–35], [47–50]. For instance, the formation of a sodium 
titanate gel was reported on the surface of titanium metal treated in NaOH, after calcination at 
400 – 800 °C [29]. When pure Ti substrates were treated in a 10 M aqueous solution of NaOH 
and subsequently heat treated at 600 oC, Kim et al. [47] observed the formation of a thin layer 
of sodium titanate and TiO2. According to Tan et al. [50], low temperature calcination (below 
600 oC) of Ti treated in a low concentration NaOH solution (< 5 M) does not leave sufficient 
TiO2 to be detected by XRD. Also, using hydrogen peroxide as an alternative corrosive reagent, 
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the formation of a titania gel with anatase nature was reported by Karthega et al. [36]. 
Furthermore, Rasti et al. [33] investigated the chemical modification of titanium foil immersed 
in hydrogen peroxide, and succeeded in producing TiO2 upon nanosecond pulsed fiber laser 
irradiation.  
 
To the best of our knowledge, there has been no detailed report explicitly providing 
experimental evidence for the formation of a hydrogel on Ti foil following NaOH-based 
gelation. Also, experimental evidence for the formation of faceted TiO2 nanorods on Ti foil 
using the NaOH and KOH-based gel-calcination method has not been published. The 
knowledge of the exact formation mechanism is essential to tailor the nano-scale morphology 
of TiO2 for specific applications. 
 
Since nanostructured TiO2 is a material with potential applications in energy conversion [51] 
and drug delivery [52], more detail on the formation mechanism that leads to the synthesis of 
faceted TiO2 nanorods on Ti foil by gel-calcination are presented in chapter 3, section 3.2. 
Furthermore, this study provides experimental evidence for the formation of a hydrogel on Ti 
foil following NaOH and KOH-based gelation, as well as morphological studies of TiO2 
prepared by gel-calcination. 
 
The one-step templating solution route has been used previously for the development of TiO2 
nanostructured materials [7, 9, 45, 53]. Deki et al. [7] introduced a novel technique in 2003 for 
the direct synthesis of two-dimensional metal oxide films with a highly ordered periodic 
structure. Two-dimensional TiO2 structures with diameters ranging from 120 nm to 
1 065 nm were fabricated. These structures were made by filling the pores in a Si wafer (used 
as the template) with a solution of (NH4)2TiF6 and H3BO3 at ambient temperature, and 
subsequently peeling off the template. These results are presented in Figure 1-3, which shows 
typical FESEM images of (a) TiO2 arrays with a rod diameter of 440 nm (film deposited for 10 
h), (b) the Si wafer used as a template, and (c) TiO2 arrays with a different rod diameter (660 
nm) (film deposited for 10 hour). It was clearly demonstrated that the aspect ratio and diameter 
of TiO2 arrays could be controlled by changing the template diameter. However, the filling 
process, as well as the simultaneous destruction of the templates, usually took between 3 and 
50 hours [7, 45]. As a consequence, more efforts were made to improve this process. For 
instance, Lee et al. [46] managed to reduce the deposition time to 2 hours for the formation of 
anatase-phase TiO2 end-capped tubes. These authors did not use pores as templates, but rather 
ZnO nanorods. Nevertheless, a 2 hours deposition time is still time consuming. A great deal of 
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experimental investigation is still needed to reduce the deposition time and improve our 
understanding of all the chemical processes involved. More details on this subject are presented 
in chapter 4.  
 
 
Figure 1-3. (a) FESEM images of TiO2 arrays with a rod diameter of 440 nm, (b) the Si wafer used as a 
template, and (c) TiO2 arrays with a different rod diameter of 660 nm (film deposited for 10 hours) (after Deki et 
al. [7]). 
 
1.2 Properties of titanium dioxide  
 
1.2.1 Crystal structure 
 
The electronic configuration of Ti is 1s2 2s2 2p6 3s2 3p6 3d2 4s2 and that of O 1s2 2s2 2p4. This 
shows that Ti and O have oxidation states of +4 and -2, respectively, when forming TiO2. 
However, titanium exhibits also oxidation states of +2 and +3, as it is a transition metal, and 
can form titanium monoxide (TiO) and di-titanium trioxide (Ti2O3) [54]. The known phases of 
TiO2 are rutile, anatase and brookite. However, only the rutile and anatase phases play a role 
in the application of TiO2 as an electronic/opto-electronic material and are therefore of interest 
here. Their corresponding unit cells are represented in Figure 1-4. It can be seen that both the 
rutile and anatase phases are tetragonal. Each Ti atom is coordinated with six oxygen atoms, 
but each oxygen atom is only coordinated with three Ti atoms. The rutile and anatase phases 
contain six and twelve atoms per unit cell, respectively, and form TiO6 octahedrons.  
 
(a) (b) (c) 
4 µm 4 µm 2 µm 
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Figure 1-4. TiO2: (a) rutile and (b) anatase (after Samsonov [55]). 
 
Table 1-1. Some physical properties of TiO2 [42], [55], [56] and [57]. 
 Rutile Anatase Brookite 
Crystal structure Tetragonal Tetragonal Rhombohedral 
Lattice constants (nm) a = 0,45936 
b = 0,29587 
a = 0,3784 
b = 0,9515 
a = 0,9184 
b = 0,5447 
c = 0,5145 
Space groups D4h
14 − P42/mnm D4h
19 − P41 /amd D2h
15 − Pbca 
Molecule/cell 2 4 8 
Volume/molecule (nm3) 31216 34060 32170 
Density (g/cm ) 4.24 3.83 4.17 
Melting point (C) 1 870 
Ti-O bond length (Å) 0,1949(4) 0,1937(4) 0,187 – 0,204 
O-Ti-O bond angle () 
81.2 
90.0 
77.7 
92.6 
77.0 - 105 
Atomic radius (nm) O: 0.066 (covalent) 
Ti: 0.146 (metallic)  
Ionic radius (nm) O (-2) 0.14 
Ti (+4) 0.064 
Standard heat capacity 
 (J/(mol oC) 
55.06 55.52 - 
Refractive index 2.9467 2.5688 2.809 
 
(a) (b) 
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Moreover, in the rutile phase, the octahedra show a slight orthorhombic distortion [58], while 
in the anatase phase, the octahedra are also distorted so that the symmetry is lower than 
orthorhombic [3, 56]. The distances between Ti atoms in the anatase phase are larger, whereas 
the Ti-O bonds are shorter than those in the rutile phase [42, 56, 58]. In the rutile structure, 
each octahedron is in contact with 10 neighbouring octahedrons (two sharing edge oxygen pairs 
and eight sharing corner oxygen atoms), while in the anatase structure, each octahedron is in 
contact with eight neighbours (four sharing an edge and four sharing a corner) [42, 56, 58]. 
These differences in lattice structures cause different mass densities and electronic band 
structures for the two forms of TiO2. The physical properties that are of interest for TiO2 are 
summarised in Table 1-1. In the next section, the electronic and optical properties of rutile-, 
anatase- and brookite-phase TiO2 are briefly reviewed. 
 
1.2.2 Electronic and optical properties 
 
The electronic band structure of TiO2 has been calculated and experimentally investigated for 
rutile, anatase and brookite phases using different theoretical methods and characterisation 
techniques [42, 56, 58, 59–64]. For example, the electronic structure of TiO2 was investigated 
using self-consistent orthogonalized linear-combination-of-atomic-orbitals in the local density 
approximation [56] and photoemission spectromicroscopy [64], among other techniques. It was 
through combinations of a number of techniques that the electronic and optical properties of 
TiO2 were established.  
 
All theoretical methods to date generally strive to approximate the solution of the following 
many-body time-independent Schrödinger equation for any electronic subsystem:  
 
{−
ℏ2
2m
∑ ∇2j + ∑ Vext(rj)j +
1
2
∑
e2
|rj−ri|
j≠i − E} ϕ(r1, … , rN) = 0 (1.8) 
 
where Vext(rj) = − ∑
Zie
2
|rj−Ri|
i , and is the external potential acting on electron j due to the nuclei 
of charges Zi. Indices i and j refer to the nuclei and the N electrons in the subsystem, 
respectively. Terms Ri and Zi represent the coordinates and atomic number of the nuclei, 
respectively. However, in order to solve equation (1.8), the wave function ϕ(r1, … , rN) has to 
be approximated as it has
 
three spatial variables and one spin variable for each of the N 
electrons (4N variables) that cannot be solved. Hence, the best way to handle this challenge is 
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to approximate this function and the associated Schrödinger equation using an electronic 
density as the basic variable; and then solve the Schrödinger equation numerically.  
 
Table 1-2. Calculated and measured band structure of rutile, anatase, and brookite TiO2.  
  Rutile Anatase Brookite 
Band gap (eV) 
Calculated 1.78a, 3.89b 
2.04a (Indirect gap 
(Γ→M)) 2.20a 
(Direct gap Γ) 
2.22a 
(Direct gap 
Γ) 
Experiment 
3.0, 3.03c 
(Indirect) 
3.20f  
(Indirect) 
- 
Upper valence band 
width (eV) 
Calculated 6.22a, 5.0b 5.17a 5.31a 
Experiment 5.4d 4.75g  - 
O2s bandwidth (eV) 
Calculated 1.94a, 1 9d - - 
Experiment 1.9c - - 
Gap between O2s 
bands and minimum 
of conduction band 
(eV) 
Calculated 17.98a, 17.0b 1.76a 1.85a 
Experiment 16 - 18e - - 
a [42], b [61], c [65], d [62], e [65] [66] [8], f [63], g [64]. 
 
Results such as band gap, upper valance band width, O2s band width, gap between O2s bands 
and the minimum of the conduction band were obtained by a first-principles self-consistent 
method [42], and these are summarised in Table 1-2 and compared to the experimental data 
found in literature. In addition, in order to understand the electronic structure and nature of the 
band edge wave functions, the method of periodic hybrid density functional theory calculations 
with a plane-wave basis set (the Vienna ab initio simulation package code 17) were performed 
by Scanlon et al. [66]. Corresponding results are shown in Figure 1-5. It can be seen from 
Figure 1-5 that the valence band edges of both rutile- and anatase-phase TiO2 are dominated 
by the O2p orbital, and the conduction band edges are formed from a Ti3d orbital. Moreover, it 
is understood that neither the anatase nor rutile phases experience a significant chemical 
broadening that could offset the valence band edge position, given how similar the upper 
valence bands are. Further analysis of Figure 1-5 reveals that excess electrons in these materials 
will be centred on the d states of cations. In the next sections, consensus on the band alignment 
in mixed rutile-anatase-phase TiO2 systems will be discussed in detail. Reports on the 
successful development of mixed rutile-anatase-phase TiO2 systems are also discussed. 
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Figure 1-5. The electronic structure of anatase- and rutile-phase TiO2. Comparison of the total and ion-
decomposed electronic densities of states of (a) anatase and (b) rutile TiO2 calculated using the HSE06 hybrid 
density functional. DOS stands for density of states [66]. 
 
1.2.3 Band alignment in the mixed rutile-anatase-phase TiO2 nanostructured films 
 
A general consensus places the room temperature band gaps of rutile and anatase TiO2 at 3.03 
and 3.20 eV [8, 65–66], respectively (Table 1-2). Concerning the band alignment of a mixed 
anatase-rutile phase TiO2 system, two valence and conduction band alignments have been 
proposed, as shown in Figure 1-6. The figure shows the proposed results on valence band (VB) 
and conduction band (CB) alignment for the mixed-phase anatase/rutile system as discussed in 
[66], [67], [68] and [69].  
 
In 1996 Kavan et al. [67] used electrochemical impedance analysis to establish that the CB 
edge of anatase lies 0.2 eV above that of rutile. This band alignment favours the transfer of 
photogenerated electrons from anatase to rutile, and the transfer of holes from rutile to anatase, 
as seen in Figure 1-6(a). Alternatively, through photoemission measurements (PES), Xiong et 
al. [68] reported that the work function of rutile is 0.2 eV lower and a greater occupied valence 
band density-of-states in rutile (100) than in anatase (001). The authors found the work function 
to be very close to the conduction band (CB) in both crystals (phases), indicating that the work 
function difference corresponds to an offset of the CBs, hence, concluded that the CB edge of 
anatase is 0.2 eV below that of rutile, as seen in Figure 1-6(b). However, even though no 
(a) 
(b) 
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consensus has yet been reached, Scanlon et al. [66] and Deak et al. [69] (to name a few) made 
a strong case for anatase-phase TiO2 having a higher electron affinity in mixed-phase 
anatase/rutile. The first group of researchers [66], through a combination of materials 
simulation techniques and X-ray photoemission experiments, showed that a band offset of ∼0.4 
eV exists between anatase and rutile, with the CB edge in anatase below that of rutile (see 
Figure 1-6(b)). As a consequence, photogenerated conduction electrons are believed to flow 
from rutile to anatase. With the calculated CB offset of ∼0.4 eV, the effective band gap of the 
composite material is lowered, and efficient electron–hole separation is facilitated. 
Calculations by the Heyd-Scuseria-Ernzerhof function (HSE06) for rutile and anatase crystals, 
carried out by the second group [69], also showed that both the CB and VB edges of rutile lie 
higher than those of anatase (see Figure 1-6(b)). The bulk CB edge of rutile lies between about 
0.3 and 0.4 eV above that of anatase, while the VB offset is 0.5 – 0.6 eV. Consequently, in 
mixed systems, holes are accumulated in the rutile VB while electrons accumulate in the 
anatase CB. The alignment illustrated in Figure 1-6(b) and promoted by Scanlon et al. [66] and 
Deak et al. [69] is therefore recognized to be the case in mixed rutile/anatase-phase TiO2 
systems.  
 
 
Figure 1-6. Two proposed valence and conduction band alignment schemes at the anatase/rutile interface. 
 
 
 
 
Rutile Anatase Rutile Anatase (a) (b) 
3.20 eV 
3.20 eV 
3.03 eV 
3.03 eV 
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1.2.3.1 Reports on the synthesis of mixed rutile-anatase-phase TiO2 nanostructured 
films 
 
Kandiel et al. [70] were the first to report on the synthesis of rutile TiO2 nanorod powder 
decorated with anatase TiO2 nanoparticles employing a single-step hydrothermal method. The 
experiment used commercially available aqueous solutions of titanium bis(ammonium lactate) 
dihydroxide (TALH) at a natural pH of ∼8.0 without requiring any other additives. Figure 1-7 
[70] shows TEM micrographs of the synthesised nanocrystalline TiO2 powder obtained by 
thermal hydrolysis for 48 hours: (a) TEM bright-field, low magnification, (b) TEM bright-field, 
high magnification, and (c) TEM dark field. It was found that the surfaces of the rutile-phase 
TiO2 nanorods were decorated by smaller equi-axial particles of 3 – 5 nm in diameter. Further 
analysis of the photocatalytic activity of this mixed rutile/anatase-phase TiO2 system indicated 
that rutile nanorods decorated with anatase nanoparticles exhibited a higher photocatalytic 
activity than either those embedded/covered in anatase nanoparticles or those that were 
completely undecorated [70]. The enhancement in photocatalytic oxidation activity was 
ascribed to a better charge carrier separation in the case of the anatase-rutile mixtures [66, 69–
70].  
 
 
Figure 1-7. High-resolution transmission electron micrographs of as-synthesized nanocrystalline TiO2 powder 
obtained by thermal hydrolysis of aqueous solutions of the TALH precursor for 48 hours: (a) TEM bright-field, 
low magnification, (b) TEM bright-field, high magnification, and (c) TEM dark field (after Kandiel et al. [70]). 
 
Another research group [14] reported the use of a layer-by-layer assembly technique for the 
preparation of a mixed rutile/anatase-phase TiO2 system. The method includes two steps: 
preparation of rutile-phase TiO2 nanorods; and assembling anatase nanoparticle multilayers on 
rutile nanorods via electrostatic deposition using poly(sodium 4-styrene sulfonate) as a 
bridging or adhesion layer, followed by burning off the polymeric material via calcination [14].  
Figure 1-8 represents TEM results of undecorated rutile TiO2 nanorods (a) and (b – d) 
heterogeneous nanostructures prepared under different conditions by Liu et al. [14]. Again, 
(a) (b) (c)  
250 nm 
  
 50 nm 
  
50 nm 
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better charge carrier separation between anatase and rutile TiO2 was observed in the 
decomposition of gaseous acetaldehyde. It was found that the photocatalytic activity was 
dependent on the thickness of the anatase particle layer. The element that was missing in the 
mixed rutile/anatase-phase TiO2 systems developed by Kandiel et al. [70] and Liu et al. [14], 
is an epitaxial contact between the rods of rutile-phase TiO2 with a transparent conducting 
substrate. These groups produced the decorated rutile-phase TiO2 nanorods in the form of 
powder and then had to spread the nanoparticles evenly on glass, using adhesive tapes as 
spacers [70], or on the bottom of a glass disk [14]. 
 
 
Figure 1-8. TEM images of rutile TiO2 nanorods (a) and heterogeneous nanostructures with n =5 (b), 9 (c), and 
11 (d) where n is the number of adsorption cycles (after Liu et al. [14]). 
 
Wang et al. [10] improved on the development of these structures by developing them on 
F:SnO2 (FTO) coated glass. These authors produced the first rutile-phase TiO2 nanorods on 
FTO-coated glass using the hydrothermal method and successfully decorated them in TiCl4 
aqueous solution at 70 C. Their results are presented in Figure 1-9. These authors found 
significant enhancement in the photocatalytic activity, as expected. Photo-electrochemical 
measurements conducted in concentrated KOH solution on bare and decorated rutile-phase 
TiO2 nanorods on FTO coated glass, showed that water splitting on rutile nanowire arrays was 
enhanced by a factor of ∼1.63 after sequentially being thermally treated in hydrogen gas and a 
(a) (b) 
(c) 
  
400 nm 
(d) 
  
400 nm 
  
400 nm 
  
400 nm 
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TiCl4 solution [10]. It is therefore, expected that mixed rutile/anatase-phase TiO2 systems, may 
make suitable electrodes for photo-electrochemical hydrogen production. In the next section, 
promising methods to engineer the band gap of TiO2 systems are discussed. 
 
 
Figure 1-9. (a) Top and side (b) SEM micrographs of mixed rutile-anatase-phase TiO2 on FTO coated glass 
(after Wang et al. [10]). 
 
1.3 Band gap engineering methods for titanium dioxide 
 
As discussed earlier, TiO2 is an indirect band gap semiconductor with a band gap lying in the 
UV wavelength region: 3.03 eV and 3.20 eV for the rutile- and anatase-phases, respectively. 
However, the efficient use of TiO2 in photo-electrochemical hydrogen production is challenged 
by, among other reasons, its wide band gap, interfacial band edge mismatch (due to band 
bending) and poor electrical conductivity. The UV regime represents less than 5% of the 
available solar energy, as shown in Figure 1-10.  
 
Consequently, different approaches have been proposed to improve the photo-electrochemical 
activity of TiO2. The main goal was to increase the optical activity of TiO2 by shifting the band 
gap from the UV to the visible region. There are different ways to approach this challenge by 
doping the material with foreign species [15, 71–73]. Specifically, TiO2 can be doped with (i) 
metal-ions (using transition metals: Cu, Co, Ni, Cr, Mn, Mo, Nb, V, Fe, Ru, Au, Ag, Pt) or 
non-metals (N, S, C, B, P, I, F), and thus alter the optical properties of TiO2; (ii) inorganic or 
organic compounds can be introduced into the material to improve the optical activity of TiO2 
in the visible light region; (iii) finally TiO2 can be reduced to TiO2-x in an oxidising 
environment. A summary of the doping of TiO2 with metals and non-metals, and the 
preparation methods found in the literature, are given in Table 1-3.  
 
500 nm 1 µm (a) (b) 
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Moreover, knowing that themodynamically the water splitting potential is only 1.23 V [2], the 
band gap of a suitable material should be around 1.23 eV. Consequently, the colour of TiO2 
should be tuned to black, as 1.23 eV corresponds to ~ 1 000 nm. (Here, it is assumed that the 
electronic band gap of TiO2 align perfectly with the water redox potentials. This will be further 
discussed in detail in the next section). To date, there have been no reports of doped TiO2 
meeting the above requirement (Eg = 1.23 eV). But reduced TiO2 to TiO2-x in an oxidising 
environment promises to absorb light with up to 1.23 eV. For this reason, a review of the basic 
knowledge regarding reduced TiO2 is presented below.  
 
 
Figure 1-10. Spectra characterisation of solar radiation (after Chen et al. [15]).  
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Table 1-3. Dopant elements and preparation methods for doped- TiO2 photocatalysts.  
 
Dopant 
element 
Preparation method 
M
et
al
 d
o
p
an
ts
 
Ag 
Silver nitrate was mixed with a reducing agent (sodium citrate tribasic dihydrate). Reaction temperature raised to 80 °C with 
continuous stirring. Then Titanium tetraisopropoxide and HNO3 added while the reaction was maintained at 50 °C for 24 h. 
Resulting mixture dried at 105 °C for 24 h and calcinated at 300 °C [74]. 
Fe 
Reactive magnetron sputtering of Fe: 99.99 % titanium target and 99.9 % iron pieces were placed in a reaction chamber. An 
argon and oxygen environment was created in the reaction chamber during the discharging process [75]. 
Au 
Titanium (IV) butoxide dissolved in pure ethanol was added to a solution containing tetrachloroauric acid (HAuCl4·4H2O), 
acetic acid and ethanol. The resulting suspension was aged (2 days), dried under vacuum, and calcinated at 650 °C [76]. 
Pt 
TiO2 was suspended in a mixture of hexachloroplatinic acid in methanol. The suspension was irradiated with a 125 W 
mercury lamp for 60 min. Pt-TiO2 was separated by filtration, washed with distilled water and dried at 100 °C for 24 h [77] 
N
o
n
-m
et
al
 d
o
p
an
ts
 
N Anatase-phaseTiO2 powder was treated in an NH3 (67 %)/Ar atmosphere at 600 °C for 3 h [78]. 
S Titanium disulfide (TiS2) was oxidised at 300-600 °C [79]. 
B 
Anatase TiO2 powder (ST01) was mixed by grinding with boric acid triethyl ester and calcinated 
in air at 450 °C [80]. 
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1.3.1 Black titanium dioxide  
 
Since 2011, black TiO2 has been believed to be a suitable candidate for water splitting 
applications. The review by Chen et al. [15] beautifully shows how the ability to efficiently 
reduce TiO2 to TiO2-x has triggered world-wide research interest in black TiO2. There are two 
principal routes used to reduce TiO2: (1) hydrogen thermal treatment and (2) chemical 
reduction methods.  
 
Successful options used to reduce TiO2 in hydrogen-based environments are “high-pressure 
pure hydrogen treatment” [81], “ambient or low-pressure pure hydrogen treatment” [81], and 
“hydrogen plasma treatment” [82], to name a few. The reduction products (TiO2−x or 
TiO2−xHx) will depend on the amount of TiO2, the hydrogen concentration in the case of 
chemical reactions at high pressures, the hydrogen flow rate in the case of reduction 
experiments conducted at atmospheric pressure, and the heat supplied during the reduction 
[15]. Note that a mixture of all the products (TiO2, TiO2−x and TiO2−xHx) can also co-exist as 
end products.  
 
The second route, “chemical reduction”, makes use, on the one hand, of reducing agents such 
as Al, Imidazole, NaBH4 and CaH2, amongst others [15]. Under certain special chemical 
conditions, the successful development of black TiO2 has been demonstrated. On the other 
hand, there are so many chemical reduction reactions proposed to date for the production of 
black TiO2 nanostructures in the literature that it is impossible to discuss or even mention all 
of them. Hence, the route that has been used in this study as reported in chapter 7, the hydrogen 
thermal method, will be focused on.  
 
To better understand the optical properties of reduced TiO2, first-principles spin-polarized 
calculations on the reduced and reconstructed TiO2 (110) surface, as performed by Linda et al. 
[83], are analysed in the next section. 
 
1.3.2 First-principles spin-polarized calculations on the reduced and reconstructed 
TiO2 (110) surface 
 
Linda et al. [83] used a variant of the Cambridge-Edinburgh Total Energy Package (CETEP) 
code, the parallel version of Cambridge Serial Total Energy Package (CASTEP), to perform 
their calculations. CASTEP is a leading code for calculating the properties of materials from 
first principles. Using density functional theory, it can simulate a wide range of material 
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properties, including structure at the atomic level, vibrational properties, electronic response 
properties, etc. In particular, it has a wide range of spectroscopic features that link directly to 
experiment, such as infra-red and Raman spectroscopy, (Nuclear Magnetic Resonance) NMR, 
core level spectra, etc [84].  
 
This study is therefore of particular interest, in that first-principles spin-polarized calculations 
(FPSP) were performed on the effect of a reduced (110) surface of TiO2 on a few layers of 
material below the surface. Also, this TiO2 (110) surface has emerged as the prototypical TiO2 
surface for fundamental studies [85]. For instance, the rutile-phase TiO2 (110) surface was 
found to be the most stable surface for TiO2. It serves as a model surface for researchers 
exploring surface chemistry at both regular sites and defects. However, it is worth pointing out 
that the calculations discussed in this section still need to be improved upon as far as the 
agreement between calculated and experimental values is concerned. In fact, the calculations 
of Linda and co-workers [83] did not take self-interaction corrections into account. 
Nevertheless, the electronic structure, and the interplay between the electronic and physical 
structure of the surfaces, were successfully studied. 
 
Figure 1-11 represents the simulated cell used in FPSP calculations. Light and dark spheres 
indicate titanium and oxygen ions, respectively. Figure 1-11(a) illustrates a perspective view 
of the slab geometry used. The slab may be viewed as consisting of three layers containing O–
Ti–O–Ti–O–O stoichiometric units; the surfaces of the slabs are separated by a vacuum region 
corresponding to two layers. Fivefold- and sixfold-coordinated titanium sites are labelled 5f 
and 6f, respectively, and the bridging oxygen site is labelled BO. The bridging oxygen ions sit 
above the sixfold titanium atoms. Figure 1-11(b) ) shows the 1 × 1 surface unit cell used in the 
simulations, while Figure 1-11(c) shows the side view of the relaxed stoichiometric geometry. 
Calculations were performed on two stoichiometric systems: an 18-ion 1 × 1 slab and a 36-ion 
slab which was twice the size of the 18-ion system along [001]. The size of the slab was 
increased so that corresponding results might be compared to a reduced 2 × 1 slab. The reduced 
1 × 1 surface was formed by removing all the bridging-oxygen ions. 
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Figure 1-11. The (110) surface of TiO2. Light and dark spheres indicate titanium and oxygen ions, respectively. 
(a) Perspective view showing the slab geometry used. The simulation cell is extended for display purposes. The 
fivefold- and sixfold-coordinated titanium sites and the bridging oxygen sites are labelled 5f, 6f and BO, 
respectively. (b) The 1 × 1 surface unit cell used in the simulations. (c) Side view of the relaxed stoichiometric 
geometry (after Linda et al. [83]). 
 
1.3.2.1 The stoichiometric and reduced 1 × 1 surface 
 
Relaxation of ions on the stochiometric (110) surface was found to occur in the [110] and 
normal directions. No relaxation took place in the [001] direction. In-plane oxygen atoms were 
found to move significantly by ~0.05 Å along [110]. Sixfold-coordinated Ti ions moved out by  
0.09 Å, fivefold-coordinated Ti ions moved in by 0.12 Å, and bridging oxygen moved into the 
surface by 0.09 Å. Later work by Pang et al. [85] on rutile-phase TiO2 stochiometric 1×1 
surfaces agreed with this observation. Based on the results of FPSP calculations on a reduced 
1×1 surface, once oxygen vacancies are created on the (110) surface, relaxation happens as 
follows: the fivefold-Ti remains at the bulk terminated position, the sixfold-Ti relaxes into, 
rather than out of, the surface; and the in-plane oxygen atoms move much further out of the 
surface. These changes in the structural configuration of this surface, due to missing bridging-
oxygen ions, also affect the electronic properties of the surface.  
 
(a) (b) 
(c) 
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Figure 1-12. Densities-of-states g(e) for spin-up and spin-down electrons calculated for the reduced 1×1 surface 
after structural relaxation (after Linda et al. [83]). 
 
Figure 1-12 shows the density of states g(e) for spin-up and spin-down electrons calculated for 
the reduced 1×1 surface after structural relaxation, using the FPSP method with ten k points 
and 384 tetrahedra in the Brillouin zone. New gap states formed in the band gap with a 
maximum state density at about 1.2 eV above the valance band edge. Furthermore, as oxygen 
vacancies concentration increases, the position of the gap states moves towards EF. However, 
for all defect concentrations, the states lie in the upper half of the calculated band gap. If the 
usual underestimation of the band gap is corrected by scaling the results by the ratio of the 
experimental band gap to the calculated gap, the gap states are 1.2–3.1 eV above the valence 
band, with the maximum state density at 2 eV.  
 
The next section presents a review of the fundamentals of the photo-electrochemistry of water 
decomposition, and the electrochemical chain for photo-electrochemical cell formation (the 
band model representation).  
 
1.4 Fundamentals of photo-electrochemistry of water decomposition 
 
Three types of water splitting systems have been developed to date. They are, (i) solar cells 
and electrolysers, (ii) photo catalyst cells (PCs) and (iii) photo-electrochemical cells (PECs) 
[2]. However, PECs is the most attractive approach for water splitting because charge carriers 
are directly generated for the reduction and oxidation of water, i.e. without using electrical 
energy to drive carriers through an external circuit.  
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The photo-electrochemical decomposition of water occurs in a PEC. Figure 1-13 shows a 
schematic diagram of a typical PEC. It consists mainly of a photo-anode and a cathode. These 
electrodes are immersed in water or an electrolyte as shown in the figure. 
 
 
Figure 1-13. Typical photo-electrochemical cell. 
 
Once TiO2 absorbs light with energy larger than the band gap, the following processes take 
place: 
• generation of electron-hole pairs in the material; these are quasi-free electrons and 
holes; 
• oxidation of water at the photo-anode by holes;  
• transport of H+ ions from the photo-anode to the cathode through the electrolyte; 
• transport of electrons from the photo-anode to the cathode through the external circuit; 
• reduction of H+ ions at the cathode by electrons.  
 
At the photo-cathode: 
2hν → 2e′ + 2h∙ (1.9) 
 
where ℏ represents Planck’s constant, ν is the frequency of the absorbed light, 𝑒′ is the electron 
and ℎ∙ is the hole. The holes generated as the result of the reaction represented by equation 
(1.9) react with water molecules at the photo-anode and electrolyte interface as follows: 
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2h∙ + H2O →
1
2
O2
↗ + 2H+. (1.10) 
 
The photogenerated electrons migrate to the cathode through the external circuit (see Figure 
1-13) to react with hydronium ions:  
 
2e′ + 2H+ → H2
↗. (1.11) 
 
However, reactions (1.10) and (1.11) only take place when the energy collected on the photo-
anode is equal to or larger than the threshold energy Et [2], defined by equation (1.11): 
 
Et =
∆𝐺(𝐻2𝑂)
𝑂
2𝑁𝐴
  (1.12) 
 
Using the standard free enthalpy per mole of water ∆𝐺(𝐻2𝑂)
𝑂 = 237.141 kJ/mol and Avogadro’s 
number NA in the relation (1.12), it is found that the electrochemical decomposition of water is 
possible when the energy absorbed by the photons is equal to or larger than 1.23 V. Therefore, 
the photo-voltage of a PEC should ideally be equal to or larger than 1.23 V. When the photo-
voltage of a PEC is less than 1.23 V, a bias is applied to the cell, by using either an external or 
internal bias voltage [2]. An internal bias can be applied (i) through the use of different 
concentrations of hydrogen ions or (ii) through the use of a photovoltaic unit in conjunction 
with the photo-anode.  
 
1.4.1 Band model representation 
 
Figure 1-14 is a schematic diagram that summarises the different stages in the formation of an 
electrochemical chain of the PEC energy. The PEC components are shown (a) before galvanic 
contact, (b) with galvanic contact but in the dark, (c) with galvanic contact under illumination, 
and (d) with galvanic contact under illumination and under an external bias. It is understood 
that when galvanic contact is established in the dark, electronic charge transfer takes place, 
from the semiconductor (material with the lower work function) to the metal (higher work 
function), until the work functions of both electrodes assume the same value (Figure 1-14(b)). 
When the PEC is illuminated, the photo-anode and H+/H2 potential are lowered (Figure 
1-14(c)). In order to correct this situation so that photo-electrochemical water decomposition 
reactions happen upon illumination, the application of a bias is necessary. In the case of  
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Figure 1-14(d), an external bias is applied to illustrate the concept. Details of the 
characterisation methods used in this study, as well as the reasons for the choice of each 
method, are provided in the next chapter.  
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Figure 1-14. Energy diagram of PEC components (a) before galvanic contact, (b) with galvanic contact in dark, (c) with galvanic contact under illumination, and (d) with galvanic contact under 
illumination and under an external bias (after Bak et al. [2]).
(a) 
(b) 
(c) 
(d) 
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2. EXPERIMENTAL METHODS AND CHARACTERIZATION TECHNIQUES 
 
This chapter briefly describes the apparatus used for the gel-calcination and hydrothermal 
growth of TiO2-based photo-anodes, the annealing experiments in hydrogen and nitrogen flow 
and the characterisation techniques employed in this study. The characterisation techniques 
include X-ray diffraction (XRD), scanning electron microscopy (SEM), energy dispersive X-
ray spectrometry (EDS), transmission electron microscopy (TEM), Raman spectroscopy and 
UV-Vis-NIR spectroscopy. However, details on precursor preparation, precursor 
concentrations, and chemical reaction time will be provided along with the results in the 
following chapters. Section 2.1 presents the precursors used to develop TiO2 structures. Section 
2.2 describes the apparatus used in all experiments and section 2.3 briefly discusses all the 
characterisation methods used. The basic theory underlying each characterisation techniques is 
discussed. Finally, section 2.4 shows how samples were prepared for analysis. 
 
2.1 Precursors 
 
The chemicals used in this work were purchased from Sigma Aldrich and Alfa Aesar and used 
as-received (i.e. no further purification was attempted). Zinc acetate hexahydrate, hexamine, 
titanium butoxide, ammonium hexafluorotitanate, boric acid and concentrated hydrochloric 
acid were used as precursors. Hydrogen peroxide, sodium hydroxide, and potassium hydroxide 
were used as etching agents. Titanium foil and fluorine-doped tin oxide (FTO)-coated glass 
substrates were purchased from Sigma Aldrich and Technistro, respectively. These substrates 
were used as-received after a standard degreasing process, described later. Ethanol (98%), and 
double de-ionized water (ρ = 18 MΩ.cm) were used as solvents.  
 
2.2 Apparatus  
 
2.2.1 Synthesis of rutile- and anatase-phase TiO2 rods by hydrothermal synthesis and 
gel-calcination  
 
Figure 2-1 shows a schematic diagram of the apparatus used for the development of rutile- and 
anatase-phase TiO2 structures. For the hydrothermal synthesis, a 100 ml Teflon container was 
placed in a stainless-steel autoclave reactor. A safe working temperature is 220 C and pressure 
is p  3 MPa (surface pressure).  
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Figure 2-1. Schematic diagram of the hydrothermal synthesis reactor used for the growth of rutile- and anatase 
phase TiO2 nanostructures.  
 
During synthesis, the sample holder (a) was placed inside the Teflon container (b). A substrate 
(FTO-coated glass substrate) was then inserted into the grooves of the sample holder (a). The 
substrate was placed at an angle of between 45 and 90 with respect to the Teflon container 
wall, with the active surface facing down. This was done to ensure that growth on the substrate 
was primarily from direct deposition and not from precipitation. A well stirred mixture of 
precursors was then poured into the container (b). The container was then sealed with its cover 
(c) and placed inside the stainless-steel autoclave (d). Finally, the autoclave was sealed with 
component (e) to ensure that there would be no water evaporation. The autoclave was then 
placed inside a preheated oven.  
 
For gel-calcination, only the Teflon container shown in (Figure 2-1(b)) was used to produce 
rutile- and anatase-phase TiO2 on Ti foil substrates. The temperature at which gel-deposition 
experiments was conducted was below 90 C, so there was no need for high pressures and 
temperatures above 100 C. First, an etching agent was poured into the Teflon container (b) 
and then a substrate was placed horizontally at the bottom of the container. The container was 
then sealed with its cover (c) and placed inside a preheated oven.  
 
Stainless-steel autoclave 
Teflon container  
Teflon container cover 
Stainless-steel 
autoclave cover 
(c) 
(d) 
(a) 
Top view of the sample holder  
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2.2.2 Synthesis of anatase-phase TiO2 tubes by one-step templating solution approach  
 
Figure 2-2 shows a schematic diagram of the apparatus used for gel-deposition, which consists 
of a quartz beaker, a Teflon sample holder, a heating plate with a magnetic stirrer, a bar magnet, 
a thermometer and a stopwatch. In this setup, a substrate was attached to the sample holder, 
which was inclined at about 5 to 10 with the side of interest facing down to ensure that the 
gelatinous material developed on the substrate or template originated from direct deposition 
and not from precipitation.  
 
 
Figure 2-2. Schematic diagram of the apparatus used for gel-deposition.  
 
2.2.3 Hydrogen and nitrogen thermal treatment 
 
Figure 2-3 shows the system used for hydrogenation. The samples were placed on a 
molybdenum susceptor and annealed at atmospheric pressure in a horizontal Metalorganic 
Vapor Phase Epitaxy (MOVPE) reactor (Epitor IV) from Thomas Swan, at 600°C in a H2 or 
N2 ambient for different times. The H2 was palladium diffused. The temperature was controlled 
using a proportional-integral-derivative (PID) temperature controller and a type-K 
thermocouple, which was inserted into the susceptor. After annealing, the temperature of the 
reactor was reduced to room temperature while the reactor was purged with H2 or N2 for 300 s 
to allow the samples/susceptor to cool down. Details on flow rates and thermal treatment times 
will be provided during the discussion of hydrogenated and nitrogen-treated samples. 
 
Substrate or template 
Teflon sample holder  
Quartz beaker  
Heating plate 
Magnetic stirrer 
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Figure 2-3. Schematic diagram of the apparatus used for hydrogenation experiments. 
 
2.3 Characterisation techniques 
 
2.3.1 X-ray diffraction 
 
X-ray diffraction (XRD) is a non-destructive technique for characterising crystalline materials. 
In this study, XRD has been used to determine the phases of the developed material and to 
investigate the orientation of the rod-like structures with respect to the substrate surface. Lattice 
parameters were retrieved from the XRD spectra when applicable.  
 
X-rays directed onto a sample are scattered elastically by the electronic clouds of atoms present 
in the material. If the material is crystalline, this elastic scattering results in signal maxima in 
the diffracted intensity spectrum according to Bragg’s law: 
 
nλ = 2dsinθ  (2.1) 
 
where n is an integer (1 in the present case), λ is the wavelength of the X-ray beam, d is the 
distance between crystal lattice planes and  is the angle of diffraction. Figure 2-4 is a 
schematic representation showing diffraction of X-rays by a 2-dimensional crystalline material. 
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Figure 2-4. Schematic representation of diffraction of X-rays in a crystalline material. 
 
During an XRD scan, the angles of incidence () and detection (2) are changed in a correlated 
manner. An X-ray diffraction pattern is thus obtained when the intensities of the detected X-
rays is plotted as a function of angle 2. The observable series of peaks are due to constructive 
interference between diffracted waves that come from families of parallel lattice planes in a 
sample. In this study, a Bruker D8 Discover X-ray diffractometer with a Cu-Kα x-ray source  
(λ = 1.5405 Å) was used.  
 
2.3.2 Scanning electron microscopy and energy dispersive X-ray spectrometry 
 
Scanning electron microscopy (SEM) was used to investigate morphological features, such as 
the shape and the size of developed materials on the nanoscale. SEM results were used to 
complement XRD results. Energy Dispersive X-ray Spectrometry (EDS) was used to determine 
the elemental composition of samples.  
 
SEM uses scanning coils to manipulate the electron beam. A fluctuating voltage creates a 
magnetic field that manipulates the beam and focuses it on the desired section of the sample 
[86]. The beam of electrons interacts with the selected section of the sample and produces a 
variety of particles (radiation) such as backscattered and secondary electrons, characteristic X-
rays, continuous X-rays and Auger electrons [86]. Using a suitably-positioned electron detector 
and other sensors, most of these scattered particles are detected, and a replica of the section of 
the sample that interacted with the beam of electrons can be produced in 2D on a monitor. The 
level of brightness observed on the monitor is determined by the number of detected particles 
(radiation intensity).  
 
 
d 
 
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EDS measures the energy of the characteristic X-rays emitted from the sample when 
bombarded with the beam of electrons. The X-ray energy is characteristic of the element from 
which it was emitted. A crystal detector that absorbs the energy of the incoming X-rays by 
ionisation is used to convert the absorbed energy to an electrical charge. This charge is 
converted into a voltage signal using a field effect transistor pre-amplifier. The voltage remains 
proportional to the X-ray energy. Finally, the voltage signal is input into a pulse processor for 
measurement. Spectra showing peaks corresponding to elements making up the sample being 
analysed are then displayed on a monitor for evaluation. The spectrum of X-ray counts versus 
energy is then evaluated to determine the elemental composition of the sampled volume. 
 
Figure 2-5 shows a typical low magnification top view SEM micrograph of rutile-phase TiO2 
grown for 20 h by hydrothermal synthesis in this study. Clear morphological features of the 
surface are observed, and the dimensions of the structures can be estimated. A Jeol JSM-7001F 
Field Emission SEM (FESEM) with EDS was used in this study 
 
 
Figure 2-5. Typical low magnification top view SEM micrograph of rutile-phase TiO2 grown for 20 hours by 
hydrothermal synthesis. 
 
 
 
 
 
 
 
 
1 µm 
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2.3.3 Transmission electron microscopy 
 
Transmission electron microscopy (TEM) was used principally for direct imaging of developed 
structures to magnify morphological features that SEM failed to highlight, and to complement 
XRD analysis on isolated nano- or micro-structure through high resolution electron diffraction 
patterns. It was used also to determine the phase of intermediate products prior to TiO2 
development. 
 
Figure 2-6. Diagram for imaging and diffraction in the Conventional Transmission Electron Microscopy (after 
Colliex [87]). 
 
Figure 2-6 shows schematic diagrams for imaging and diffraction in conventional transmission 
electron microscopy. The TEM consists of an electron gun (the source of accelerated electrons), 
a complex arrangement of electromagnetic lenses, apertures, a specimen stage, a fluorescent 
viewing screen and various other analytical attachments [87–88]. 
 
Electron source 
Illumination  
plane waves 
Sample 
Objective lenses 
Diffraction 
plane 
Image 
plane 
(a) 
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A TEM sample is prepared as a thin foil through which the primary electron beam must be 
transmitted. A beam of electrons is accelerated from the electron source and passes through a 
sequence of condenser and objective lenses, which focus the beam onto the sample. An image 
can thus be formed from the rays that pass through one point in a back focal plane. The 
positioning of an “objective aperture” at a specific location in the back focal plane will then 
result in the formation of an image that is made only with those electrons that were diffracted 
by a specific angle. Two imaging modes can thus be defined: bright-field (BF) and dark-field 
(DF) [87–88]. In the BF mode of the TEM, an aperture is placed in the back focal plane of the 
objective lens which allows only the direct beam to pass. In this case, the image results from a 
weakening of the direct beam by its interaction with the sample. In the DF mode, the direct 
beam is blocked by the aperture while one or more diffracted beams are allowed to pass the 
objective aperture. Since diffracted beams have strongly interacted with the specimen, very 
useful information is present in DF images, e.g., about planar defects, stacking faults or particle 
size. 
 
`  
Figure 2-7. Cross-sectional TEM image of a single rod of TiO2.  
 
Figure 2-7 shows a cross-sectional TEM image of a single TiO2 rod developed on FTO-coated 
glass after 20 h of hydrothermal growth. Using SEM, the TiO2 morphological features appeared 
to be one entity, but TEM revealed that the rod like features were actually composed of small 
nanorods. This image shows how TEM can complement SEM by providing additional 
morphological information for nanostructures. Detailed results on this subject will be presented 
1 
2 
3 
4 
5 
6 
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in section 3.1. In this study, a JEOL JSM 2100 LAB6 high resolution transmission electron 
microscope (HRTEM) was used to inspect the nanostructures. 
 
2.3.4 Raman spectroscopy 
 
Raman spectroscopy is a spectroscopic technique based on inelastic scattering of 
monochromatic light, usually from a laser source, due to the excitation of vibrational modes in 
crystals or in molecules. As a consequence of the inelastic scattering, the energy of the re-
emitted photons is shifted up or down in comparison to the original monochromatic frequency, 
which is called Raman effect. This shift provides information about vibrational, rotational and 
other low-frequency transitions in materials. Basically, a sample is illuminated with a laser 
beam. Then, the light coming from the illuminated spot is sent to a monochromator. Scattered 
radiation that underwent elastic scattering, known as Rayleigh scattering, which is the large 
majority of the outgoing light (scattered radiation with unchanged wavelength), is filtered out, 
while the remaining collected light is dispersed onto a detector and analyzed. 
 
A Raman spectrum is a plot of the intensity of the scattered light as a function of the Raman 
shifts, defined as the difference in wavenumbers between the scattered radiation and the laser 
source. The spectral region with frequencies higher than that of the laser beam is called anti-
Stokes scattering, the one with lower frequencies lower than that of the excitation beam, Stokes 
scattering. This technique was used to complement XRD and TEM analysis as it is more 
surface sensitive and can provide more information on lattice-related vibrations.  
 
Figure 2-8 shows a typical Raman spectrum for NaOH-treated Ti foil calcinated for 1 hour at  
800 C in N2. Rutile-phase TiO2 is clearly identified through the Raman shifts. A detailed 
discussion on this matter is provided in section 3.2.  
 
Two Raman systems were used in this investigation. A Bruker FT Ram II Raman spectrometer 
with integrated air-cooled diode pumped Nd:Yag laser (1064 nm) was used to collect room 
temperature Raman spectra from selected samples to complement the XRD results. Low 
temperature Raman spectra were obtained for visible wavelength excitation. The 514.5 nm line 
of an argon ion laser was used with a Horiba LabRAM HR Raman spectrometer equipped with 
an Olympus BX41 micro-Raman attachment in backscattering configuration. 
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Figure 2-8. Raman spectra NaOH-treated Ti calcinated for 1 hour at 800 oC in N2.  
 
2.3.5 UV-Vis-NIR spectroscopy 
 
Ultra-Violet (UV: 300 to 400nm), visible (VIS: 400 to 765mm) and near infra-red (NIR: 765 
to 3200nm) spectroscopy was used for collecting transmittance (T) and reflectance (R) spectra 
of structures developed on FTO-coated glass substrates. Optical constants and band gap 
energies were estimated from the transmission spectra.  
 
Figure 2-9 shows a film of uniform thickness d and refractive index n, bound on either side by 
two semi-infinite, non-absorbing layers (i.e. air and substrate). When a beam of light is shone 
on the surface of the film, it can (i) be returned either at the boundary between two media, or 
at the interior of a medium: this is reflectance; (ii) pass through the medium: this is 
transmission; and (iii) be transformed into another type of energy, usually heat: this is 
absorption [127]. All three phenomena can take place at the same time, depending on the 
optical properties of the film [89]. Reflectance and transmission processes can be accompanied 
by scattering, which is the process of deflecting a unidirectional beam in many directions. In 
this case, we have diffuse reflection and diffuse transmission. It is worth mentioning that 
reflection, transmission and absorption depend on the wavelength of the affected radiation.  
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Figure 2-9. Schematic geometry for the 3-media structure with a semi-infinite substrate illuminated by a beam 
of light.  
 
 
Figure 2-10. Typical transmittance spectrum of rutile-phase TiO2 nanorods on FTO-coated glass substrate near 
the band gap. 
 
Figure 2-10. shows a transmittance spectrum of rutile-phase TiO2 nanorods grown on an FTO-
coated glass substrate by hydrothermal synthesis, in the spectral region near the band gap. The 
estimated band gap from this spectrum is 2.9 eV. A detailed discussion of the determination of 
the refractive index n, film thickness d and band gap energy is given in chapter 6, section 6.1.  
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Reflectance and transmittance spectroscopic analysis was carried out using a Bruker Optics 
V80V FTIR spectrometer. Depending on the wavelength range of interest, appropriate 
excitation sources and beam splitters were selected. 
 
2.4 Sample preparation 
 
All as-received substrates, including FTO-coated glass, Ti foil and Si were degreased in the 
same way: in hot trichloroethylene, acetone and methanol. Each degreasing step was repeated 
three times for 3 minutes; the substrates were then washed in DI water at room temperature 
and blown dry with N2. A part of the FTO-coated glass was covered with a piece of Si during 
the hydrothermal synthesis and gel-calcination experiments in order to leave a section of the 
sample where electrical contact could be established. The covering was done on the FTO-
coated side. There was no need to do this on Ti foil.  
 
 
Figure 2-11. Image of a typical FTO-coated glass substrate partially covered with Si substrate. 
 
Figure 2-11 shows an image of a typical FTO-coated glass substrate ready to be used. The 
substrate was placed on a Teflon sample holder. Teflon was used since it has a relatively high 
melting point (~324 °C [90]). The portion of the substrate covered with Si is also shown in the 
photograph.  
 
The samples for analysis by XRD, SEM, EDS and Raman and UV-Vis-NIR spectroscopy, were 
prepared by breaking the FTO-coated glass (see Figure 2-11) after each experiment into smaller 
pieces, each appropriately sized for the characterisation technique that was used. Consequently, 
Teflon sample  
holder 
A piece Si  
FTO-coated glass  
substrate 
43 
 
cracks are expected to be observed between the FTO-coated glass and the developed material. 
The consequences of this will be mentioned where applicable during the discussion of the 
results. TEM samples were prepared by removing the developed material from the substrate 
and then suspending it in methanol. The suspended material was then collected on a 3 mm 
diameter carbon-coated copper grid. In the next chapter the development of rutile-phase TiO2 
rods on FTO-coated glass and Ti foil substrates will be discussed. 
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3. DEVELOPMENT OF RUTILE-PHASE TITANIUM DIOXIDE NANORODS ON 
FTO-COATED GLASS SUBSTRATES AND TITANIUM FOIL 
TiO2 is an attractive material for photocatalysts due to its good charge transfer properties and 
high stability [91]. Specifically, single crystal rods or nanowires of rutile-phase TiO2 offer 
direct electrical pathways for photogenerated electrons and could increase the electron 
transport rate, thus improving the performance of photosensitive devices such as dye-sensitized 
solar cells and solar-to-hydrogen cells [6, 28, 91–93]. As a photocatalyst, rutile-phase TiO2 has 
been shown to exhibit a lower photocatalytic activity than anatase phase material; however, 
synergistic effects between anatase and rutile nanoparticles have been found to lead to spatial 
charge separation and have impeded undesirable recombination. In fact, a synergistic effect has 
been proposed for the high photocatalytic activity of Degussa P25 TiO2 [94], which contains 
both anatase- and rutile- phases. Such synergistic effects allow the transfer of excited electrons 
from anatase to rutile TiO2, because of the slightly lower conduction band edge of the rutile-
phase, concluded Zachariah et al. [95]. This suppresses charge recombination. One of 
electrodes developed in this study is made of rutile-phase TiO2 rods decorated with anatase-
phase TiO2 nanoparticles. Hence, it is worth studying the structural and morphological 
properties of rutile-phase TiO2 rods. 
 
The structural properties and formation mechanisms of rutile-phase TiO2 developed on FTO-
coated glass substrates and Ti foil will be discussed in this chapter. In section 3.1 results from 
studies of hydrothermally grown TiO2 rods on FTO-coated glass substrate are presented, while 
in section 3.2, results obtained from TiO2 nanorods produced by Gel-Calcination on Ti foil, are 
presented. A formation mechanism is proposed at the end of each section.  
 
3.1 Development of TiO2 rods on FTO-coated substrate by hydrothermal growth 
 
In this section, a detailed discussion is presented on the morphological, structural and Raman 
spectroscopic properties of oriented bundles of single-crystal rutile-phase TiO2 nanorods 
prepared by hydrothermal bath deposition on transparent conducting substrates. 
 
3.1.1 Experimental details 
 
The substrates used were successively degreased in hot trichloroethylene, acetone and 
methanol. Each degreasing step was repeated three times for 3 minutes. The substrates were 
then washed in de-ionized (DI) water at room temperature and finally blown dry with N2. In a 
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typical synthesis, 30 ml of concentrated HCl was mixed with 30 ml of DI water under magnetic 
stirring to reach a total volume of 60 ml. The mixture was stirred under ambient conditions for 
10 min before adding 1 ml titanium butoxide. After an additional 10-minute stir, the mixture 
was poured into a Teflon-lined stainless-steel autoclave at room temperature. Then the 
substrate was inserted into the grooves of the sample holder, already seated at the bottom of a 
Teflon container. The substrate stood at an angle between 45 to 90o with respect to the Teflon 
container wall. The active surface faced down. The autoclave was then placed in an oven pre-
heated to 150 oC. Various growth times were used to prepare the samples. After each 
deposition, the autoclave was cooled to room temperature in a water bath for approximately 30 
min. Five samples were prepared using this method. The growth times used were 6, 9, 12, 15 
and 20 hours, respectively. The different growth times were chosen to produce rods of different 
size and orientation with respect to the substrate. Once cooled to room temperature, the samples 
were removed from the water bath, rinsed with DI water and blown dry with N2.  
 
3.1.2 Structural and morphological characterisation, and formation mechanism 
 
3.1.2.1 X-ray diffraction and scanning electron microscopy analysis  
 
Figure 3-1 shows (a) an XRD pattern of the as-received FTO film on a glass substrate and (b) 
XRD patterns of samples hydrothermally grown for different times. The growth time was 
varied from 6 to 20 hours, as mentioned above. Figure 3-1(a) shows that the FTO crystals are 
preferentially aligned with the (200) planes parallel to the substrate. From Figure 3-1(b), it can 
be seen that pure rutile-phase TiO2 was successfully grown on FTO-coated glass substrates. 
There are two noticeable preferred orientation planes: (101) and (002). Increasing the 
hydrothermal growth time enhances the (002) diffraction peak, suggesting that for longer 
growth times, rutile-phase TiO2 material grows preferentially along the [002] direction. The 
(002) XRD diffraction line is narrow and pronounced, indicating good crystallinity for the 
sample synthesized for 20 hours. Since the TiO2 in this sample is highly oriented with respect 
to the substrate surface, a 20 hour synthesis was chosen as a reference in this study. The 
estimated lattice parameters of the sample prepared for 20 h are a = b = 0,4620 nm and c = 
0,2959 nm. These values are in close agreement with the lattice parameters of bulk TiO2: a = 
b = 0,4594 – 0,4682 nm and c = 0,2959 – 0,2974 nm [96]. This is further confirmation that the 
material has the rutile-phase. 
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Figure 3-1. XRD patterns of rutile-phase TiO2 synthesized hydrothermally for different times. Powder 
diffraction data of FTO (PDF SnO2 00-041-1445) and rutile-phase TiO2 (PDF TiO2 00-021-1276 ) was added as 
reference. 
 
Figure 3-2 shows typical low magnification SEM micrographs of the five TiO2 layers grown 
on FTO-coated glass. It is clear that the entire surface is covered very uniformly with TiO2 
rods. The top surfaces appear to contain many step edges. The average diameter varied 
depending on the growth time: rods grown for 6 – 15 hours have mean diameters of between 
~100 and 120 nm, as measured along the diagonal of the rod’s cross-section (see insets in 
Figure 3-2(a – d)). After 20 hours of growth, a mean diameter of ~175 nm was observed (inset 
in Figure 3-2(e)). 
 
(a) (b) 
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Figure 3-2. Typical low magnification top view SEM micrographs of rutile-phase TiO2 grown for (a) 6 hours, 
(b) 9 hours, (c) 12 hours, (d) 15 hours and (e) 20 hours. The insets are the corresponding high magnification 
micrographs. 
 
 
Figure 3-3. Typical cross-sectional SEM micrographs of rutile-phase TiO2.prepared for (a) 15 hours and (b) 20 
hours. 
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Figure 3-3 shows typical cross-sectional SEM micrographs of rutile-phase TiO2 grown for 15 
and 20 hours, respectively. Due to charging, cross-sectional SEM images of the samples grown 
for shorter times was not successful. For these particular samples, it was impossible to 
minimize charge build-up. Hence, the cross-sectional images of sufficient quality could not be 
obtained due to changes in magnification, beam drift and image distortions. The rods prepared 
for 15 hours have a length of ~2 µm, while those prepared for 20 hours have a length of ~4.2 
µm. The average FTO film thickness is ~640 nm (Figure 3-3(a – b)), which does not agree with 
the supplier specification of 150 nm to 200 nm. Additionally, Figure 3-3(b) shows that after 20 
hours of growth, a very dense layer of TiO2 nanorods was formed near the FTO. This layer is 
made of rods that grow off the normal to the substrate and terminate in each other, thus 
inhibiting further growth. However, the rods prepared for 15 hours extend directly from the 
FTO, as seen in Figure 3-3(a).  
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Figure 3-4. X-ray rocking curves of TiO2 rods imaged in Figure 3-2. Inserted is a Gaussian fit (orange dots) of 
the rocking curve for the sample synthesized for 20 hours. 
 
The degree of c-axis alignment of these TiO2 rods has been determined by X-ray rocking curve 
analysis of the (002) peak for all five samples, as shown in Figure 3-4. The full widths at half 
maximum (FWHM) decreased significantly as a function of growth time. For the rods prepared 
using a 20 h growth time, the rocking curve was fitted using a Gaussian distribution, shown by 
the orange dots. This observation indicates that after 20 hours of hydrothermal bath deposition, 
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the FTO-coated substrate surface is uniformly covered with rutile-phase TiO2 rods that grow 
perpendicular to the substrate surface. The observed shift of other rocking curves seen in Figure 
3-4 indicates that less rutile-phase TiO2 grew perpendicularly to the substrate.  
 
3.1.2.2  Transmission electron microscopy analysis of a typical single TiO2 rod 
 
Figure 3-5 shows cross-sectional TEM images of the TiO2 rods developed on FTO after 20 
hours of hydrothermal growth. TEM samples were prepared by removing the rods from the 
substrate and then suspending them in methanol. Pieces of rods were then collected on a 3 mm 
diameter carbon coated copper grid for TEM analysis.  
 
The TEM images clearly show that the textured rod surfaces observed by SEM in Figure 3-2 
are actually the top surfaces of individual nanorods, each having an elongated prismatic 
morphology, and bunched together to form the features seen in Figure 3-2. The average 
thickness of a nanorod is 4 nm. These nanorods have the same morphological characteristics 
as the crystallites obtained by Swamy [97], who also used hydrothermal bath deposition. 
Swamy used TEM to determine the diameter and length of the prismatic crystallites, which 
were found to have diameters of 4 – 5 nm and lengths in the range 15 – 20 nm.  
 
  
Figure 3-5. Cross-sectional TEM images of TiO2.  
 
Figure 3-6 (a) shows a TEM image of bundle of nanorods. The selected area diffraction (SAED) 
pattern in (b) was taken from the circled region. In (c – d) the measured SAED patterns is 
matched to a known SAED pattern of rutile-phase TiO2 along the [110] direction (red dots). 
The rectangles in Figure 3-6(c – d) indicate regions where a reasonable match was obtained. 
(a) (b) 50 nm 20 nm 
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The prismatic nanorods observed in Figure 3-5 are crystalline. From the SAED images, it is 
understood that the rod-like features observed in Figure 3-2(e) and Figure 3-3(b) with mean 
diameter of ~175 nm and length of 4.2 µm, are bundles of prismatic TiO2 nanorods. The 
difficulty in fitting the entire SAED pattern is ascribed to the fact that every bundle is made of 
many prismatic nanorods.  
 
 
Figure 3-6. Typical (a) experimental and (b – c) fitted raw selected area electron diffraction pattern taken from 
the sides of a bundle of rods of rutile-phase TiO2 captured on a coated TEM grid. Dotted rectangles are added to 
guide the eye. 
 
The TEM observations made here agree with the growth mechanism proposed in literature [4]. 
Nanorods developed by hydrothermal growth proceed by the addition of titanium growth units 
[4] at the step edges seen in SEM throughout the entire growth stage. Each step edge is a single 
nanorod. As a function of growth time, and depending on the availability of the precursor in 
the solution, these nanorods grow taller. Figure 3-7 shows a sketch, based on the TEM analysis, 
of a typical bundle of single-crystal rutile-phase TiO2 nanorods. For the sake of this discussion, 
bundles made of single-crystal TiO2 prismatic nanorods will just be called rods. 
 
20 1/nm (d) 
20 1/nm 
20 1/nm 
(c) 
(a) (b) 50 nm 
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Figure 3-7. Sketch of a typical bundle made of single-crystal rutile-phase TiO2 nanorods according to 
observations made from TEM images given in Figure 3-5(a – b). 
 
3.1.2.3 Raman spectroscopy analysis  
 
Figure 3-8(a – b) show first order Raman modes at room temperature (RT) and 77 K, 
respectively. These scattering features are summarised, together with their corresponding 
values as reported in the literature, in Table 3-1. The RT Raman peak positions for the different 
samples measured at the same temperature did not show any differences in peak positions (see 
Figure 3-8 (a)). For bulk single-crystal rutile TiO2, the A1g and Eg Raman mode positions have 
been well documented [98] [99]: the Eg and A1g modes appear at 447 ± 3 cm
-1 and 612 ± 3 cm-
1, respectively. The Raman peak positions Eg (~447 ± 2 cm
-1) and A1g (~611 ± 2 cm
-1) observed 
in Figure 3-8 fall within the reported range [98–99] for single crystal rutile TiO2 films. This 
implies that no phonon confinement effects are observed (due to the non-observance of shifts 
in peak position). Quantum size effects arising from phonon confinement become effective for 
crystals ranging in size from 1 to 100 nm [100–101]. The bundles of single nanorods thus act 
as single entities from the point of view of the Raman spectra (and thus the lattice vibrations). 
Single prismatic nanorods of ~4 nm width, as observed via TEM, stick together, forming a 
large bundle of TiO2 that appear as “larger” crystals to the lattice phonons. It is thus concluded 
that bundles of rods prepared using a 20 hours growth time form a layer of well-packed crystals 
aligned perpendicularly to the substrate surface, and this layer behaves like a quasi-single 
crystal layer.  
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Figure 3-8. Raman modes for rutile-phase TiO2 nanorods grown hydrothermally for different growth times 
measured (a) at room temperature (RT) and (b) at 77 K. (c) Multiphonon modes at 77 K to 300 K for rutile-
phase TiO2 nanorods grown hydrothermally for 20 hours. (d) Eg/A1g intensity ratio as observed for all samples. 
The average growth times are marked on the figures. The inserted dotted lines are to guide the eye. 
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Figure 3-9. Temperature dependence of (a) frequency shifts and (b) FWHM of Raman modes Eg and A1g 
observed in the rods of TiO2 prepared after 20 hours. The dotted straight lines drawn in (a) are to guide the eye. 
 
Table 3-1. Phonon symmetries and frequencies (in cm-1) at points Γ, X, M and Z of the Brillouin zone. First-
order scattering features. 
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B1g  ~143 cm
-1 
(142 cm-1) [102], (143 cm
-1) [103] [98], (144 
cm-1) [100], (145 cm-1) [104] 
Eg  ~447 cm
-1 
(445 cm-1) [102] [105], (447 cm-1) [103] 
[100] [98], (447 cm-1) [104] 
A1g ~611 cm
-1 
(610 cm-1) [102], ( 612 cm-1) [103] [100] 
[98] [104] [105] 
7
7
 K
 Eg  ~454 cm
-1 - 
A1g ~613 cm
-1 - 
 
Figure 3-8(c) shows multi-phonon modes for the sample grown for 20 hours, between 77 K 
and 300 K. A summary of the modes and the corresponding identification is given in Table 3-2. 
Figure 3-8(d) shows the Eg/A1g intensity ratio as observed in all samples. Raman bands were 
(a) (b) 
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assigned based on Refs [96], [99], [100] and [101]. Figure 3-8(d) also reveals that Eg/A1g > 1 
for Raman spectra collected at all temperatures (300 K, 200 K, 100 K and 77 K) for rods 
prepared for less than 15 hours, but decreases significantly for the samples grown for 15 and 
20 hours. The enhancement of the intensity of the A1g mode relative to that of the Eg mode is 
ascribed to the improved alignment of bundles of nanorods perpendicular to the substrate.  
 
Table 3-2. Phonon symmetries and frequencies (in cm-1) at points Γ, X, M and Z of the Brillouin zone at low 
temperature (77 K). Second-order scattering features. 
Measured Raman shift Values from literature Assignment 
~212±2 cm-1 (215 cm-1) [6] X2
1 + X2
1 
~260±2 cm-1 (260 cm-1) [8], (264 cm-1) [6] Eu(2)-Eu(1) 
~316±2 cm-1 (313 cm-1) [8], (319 cm-1) [6] M5,6
2  
~342±2 cm-1 (340 cm-1) [6] Eu(3)-Eu(1) 
~375±2 cm-1 (372,9 cm
-1) [6], (377 cm-1) [8] 
Eu(3)-B1u(1) 
 
Figure 3-9 shows the temperature dependence of (a) the frequency and (b) FWHM, of the Eg 
and A1g modes for the sample prepared for 20 hours. From Figure 3-9(a) it is seen that (iii) the 
Eg mode undergoes a significant phonon softening with increased temperature as compared to 
A1g. Moreover, it can be seen in Figure 3-9(b), that (iv) thermal broadening of the Eg and A1g 
peaks is very significant. Samara et al. [105] and Lan et al. [106] made the same observations 
in their studies on the effects of temperature (4 – 500 K) on the frequencies of Eg and A1g in 
single-crystal rutile-phase TiO2. Based on Raman spectrometry and molecular dynamics 
simulations [105–106], the factors contributing to observations (iii) and (iv) have been cited as 
thermal expansion and cubic and quartic anharmonicities. Specifically, the pure-temperature 
contribution arises from phonon cubic and quartic anharmonicities of rutile TiO2 [105–106]. 
Eg exhibits behaviour (observation (iii)) typical of normal ionic crystals, in that thermal 
expansion due to temperature (at a constant pressure) is the dominating factor behind observed 
shifts in Eg. The fact that A1g has a small thermal softening at high temperature (RT), is due to 
the fact that thermal expansion and the higher-order anharmonicity contribution of the A1g 
mode shift, cancel each other out [105]. All the above observations confirm the fact that 
bundles of TiO2 nanorods act as “larger” crystals to lattice phonons. It is therefore suggested 
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that once single prismatic nanorods (as observed in Figure 3-5) stick together and form bundles 
of TiO2 rods, translational invariance is preserved [101]. Hence, quantum-size effects cannot 
arise from phonon confinement phenomena in the crystal. 
 
3.2 Development of TiO2 nanorods on Ti foil substrate by gel-calcination 
 
In this section, the preparation of rutile-phase TiO2 nanorods on Ti foil by gel-calcination is 
demonstrated. A formation mechanism that leads to the formation of these faceted rods 
calcination at temperatures between 600 and 800 oC is then discussed. Three routes for gel 
development were used, namely, NaOH, KOH and H2O2. Nanostructured materials obtained 
from each route were then carefully compared. 
 
3.2.1 Experimental details 
 
3.2.1.1 Hydrothermal synthesis in NaOH 
 
Ti foil samples were degreased successively in hot trichloroethylene, acetone and methanol. 
Each step was repeated three times for 3 minutes each. Finally, the foils were washed in DI 
water at room temperature and blown dry with N2. The following procedure was used to 
produce a layer of hydrogel on the Ti foil surface: the cleaned substrate was immersed in a 
Teflon container filled with 5 M NaOH solution, then sealed and placed in a pre-heated furnace 
for 24 hours at 76 oC to produce a Na- (and Ti-) based layer of gelatinous material. This is the 
gel-deposition process (or gelation). More details on this method based on the NaOH route can 
be found in Refs [29] [31] and [32] . The rather low temperature was chosen to minimise (or if 
possible, to avoid) the synthesis of nanocrystals during the NaOH treatment, since Tian et al. 
reported the formation of TiO2 nanotubes during a 6 hours treatment of Ti foil in a 10 M NaOH 
aqueous solution at 150 oC [107]. After the NaOH treatment, the Teflon container was air-
cooled to room temperature. The sample was then washed several times in DI water, and 
different pieces were subsequently calcinated for 1 hour in flowing N2, some at 600 
oC and 
others at 800 oC. The N2 flow was added to ensure that environmental oxygen molecules did 
not participate in the formation of the TiO2 and the temperatures chosen for calcination were 
based on reports of the successful development of anatase- and rutile-phase TiO2 on Ti foil 
[29–32]. It has been reported that anatase-phase TiO2 is produced by gel-calcination at ~600 
oC, whereas rutile-phase TiO2 is formed at ~800 
oC [29, 31, 108].  
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Table 3-3. Names of samples prepared by gel-calcination. 
Route Comments Sample names 
NaOH 
As-grown sample as-NaOH-treated Ti 
As-grown sample calcinated at 600 oC in N2 for 1 hour NaOH-treated Ti-600 
oC 
As-grown sample calcinated at 800 oC in N2 for 1 hour NaOH-treated Ti-800 
oC 
KOH 
As-grown sample as-KOH-treated Ti 
As-grown sample calcinated at 600 oC in N2 for 1 hour KOH-treated Ti-600 
oC 
As-grown sample calcinated at 800 oC in N2 for 1 hour H2O2-treated Ti-800 
oC 
H2O2 
As-grown sample as-NaOH-treated Ti 
As-grown sample calcinated at 600 oC in N2 for 1 hour H2O2-treated Ti-600 
oC 
As-grown sample calcinated at 800 oC in N2 for 1 hour H2O2-treated Ti-800 
oC 
- Foil calcinated at 800 oC in air for 1 hour Ti-800 oC 
 
For the sake of comparison, a cleaned substrate was immersed in a Teflon container filled with 
a 5 M KOH aqueous solution, then sealed and placed in the pre-heated furnace for 24 hours at 
76 oC to produce a K- (and Ti-) based layer. The sample was then washed several times in DI 
water, and different two pieces were subsequently calcinated for 1 hour in flowing N2, some at 
600 oC and others at 800 oC. As a reference, a clean piece of Ti foil was oxidised for 1 hour at 
800 oC in air. This method is known as the alkali route. 
 
3.2.1.2 Hydrothermal synthesis in H2O2 
 
 In order to prevent the formation of a Ti-, Na- (or K)-based hydrogel layer during the gel-
deposition process, cleaned Ti foil was treated in hydrogen peroxide. A substrate was immersed 
in a beaker filled with a 35% H2O2 solution (maximum pH = 4) and heated for 1 hour at 80 
oC 
to attempt to form a Na- (and K-) free Ti-based hydrogel layer. More details on H2O2 modified 
titanium can be found in references [35] and [36]. The H2O2 treated sample was washed several 
times in DI water and two pieces were calcinated for 1 hour in air: one piece at 600 oC and the 
other at 800 oC. Table 3-3 summarises the names of the samples prepared by gel-calcination as 
described above. In the following sections, samples will be referenced by these names. 
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3.2.2 Structural and morphological characterisation, and formation mechanism 
 
3.2.2.1 TiO2 nanorods developed through the NaOH route 
 
3.2.2.1.1 Ti- (and Na-) based gel deposition 
 
In Figure 3-10, the XRD pattern of a cleaned Ti foil is compared to that of as-NaOH-treated 
Ti. It is seen that NaOH treatment alone did not lead to the formation of crystalline oxides (red 
curve), as was expected. Abdullah et al. [29] made a similar observation after prolonged 
treatments (24 hours at 60 oC) of Ti foil in 0.5 M, 1.0 M and 5.0 M NaOH (aq). 
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Figure 3-10. XRD patterns of Ti foil treated in different ways: cleaned but untreated and NaOH-treated. 
 
Figure 3-11 shows Raman spectra of the same samples. The peak at 540.6 cm-1 is a background 
signal from the system, which appears in all scans that do not show other Raman bands in that 
region, while the peak at ~ 1100 cm-1 is characteristic of carbon containing species, namely 
CO3
-2 [109]. Since there is no difference between the Raman bands observed for the untreated 
Ti foil and the as-NaOH-treated Ti, it is again confirmed that gel-deposition (76 oC for 24 
hours) did not cause the formation of crystalline TiO2 nanoparticles.  
 
Figure 3-12 shows low and high magnification SEM micrographs of as-NaOH-treated Ti. The 
structures analysed in Figure 3-10 and Figure 3-11 are made of a porous network of dendritic 
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structures that formed on the Ti foil during the gel-deposition process. This porous network is 
not in a crystalline phase, as already confirmed by the XRD and Raman results discussed above. 
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Figure 3-11. Raman spectra of Ti foil treated in different ways: cleaned but untreated and NaOH-treated. 
 
 
 
Figure 3-12. Low (a) and high (b) magnification SEM micrographs of as-NaOH-treated Ti. 
 
Figure 3-13 presents the results of TEM analysis of the surface region of the as-NaOH-treated 
Ti foil. Figure 3-13(a) shows an electron diffraction pattern of the surface region, while (b) 
shows a typical annular dark field (ADF) TEM image and (c) the corresponding EDS spectrum. 
The porous network of dendritic structures was scraped off the surface of the as-NaOH-treated 
Ti foil and then suspended in methanol. It was then captured on a carbon coated copper grid 
for TEM analysis. From the diffraction rings in Figure 3-13(a), it is clear that the material 
10 µm (a) (b) 1 µm 10 µm 
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developed on the Ti foil during gel-deposition process is predominantly amorphous – a gel. 
However, the weak diffraction spots observed in (a) suggest the presence of a small amounts 
of unidentified nanocrystalline material.  
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Figure 3-13. (a) Electron diffraction pattern of the surface of as-NaOH-treated Ti foil. (b) Annular dark field 
TEM image of the hydrogel synthesized on Ti foil through gelation. (c) Corresponding EDS spectrum.  
 
The ADF TEM image of the gel, observed in Figure 3-13(b), shows material synthesized on 
the as-NaOH-treated Ti sample. The corresponding EDS spectrum in (c) reveals the presence 
of Ti, O, Na, Cu, C, Ca and S. Ti and Na are present due to the formation of the Ti- (and Na-) 
based gel formed during the gel-deposition process. Carbon is a surface contaminant from the 
atmosphere, while Cu is the main component of the TEM grid. Ca and S are believed to 
originate from trace elements found in the NaOH obtained from the supplier. It is therefore 
10 1/nm 1µm 
(b) (a) 
(c) 
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concluded that a titanium-based gel did formed on the surface of the Ti from the corrosive 
effects of NaOH during the gel-deposition process. 
 
3.2.2.1.2 Conversion of Ti- (and Na-) based gel into TiO2 
 
In Figure 3-14(a), the XRD pattern of cleaned Ti foil is compared to those of NaOH-treated Ti, 
both with and without a subsequent calcination step for 1 hour at either 600 oC or 800 oC in N2. 
Figure 3-14(b) compares the XRD pattern of Ti foil annealed for 1 hour at 800 oC in air, to that 
of NaOH-treated Ti, calcinated for 1 hour at the same temperature in N2. The following 
observations were made:  
• calcination of the NaOH-treated foil at 600 oC yielded a mixture of both anatase- and 
rutile-phase TiO2 (orange curve in Figure 3-14(a));  
• calcination at 800 oC yielded only rutile-phase TiO2 (blue curve in Figure 3-14(a));  
• and a 1 hour calcination of Ti foil in air at 800 oC also resulted in the formation of rutile-
phase TiO2 (black curve in Figure 3-14(b)). 
 
From the first observation, it is primarily understood that the mixture of anatase- and rutile-
phase TiO2 produced by annealing at 600 
oC is a result of the calcination of the Ti- (and Na-) 
based gel formed on the surface during gel-deposition process (the amorphous network of 
dendritic structures observed in Figure 3-12). Furthermore, the rutile-phase TiO2 synthesized 
at 800 oC is also the result of calcination of the amorphous network of dendritic structures on 
the Ti surface, as well as anatase- to rutile-phase transformations [30, 34, 108–109]. Using pure 
anatase, Czanderna et al. [108] investigated the transition to rutile-phase by means of X-ray 
diffraction. Anatase-phase TiO2 was prepared by the oxidation of titanium metal in hydrogen 
peroxide [108], which yielded coarse anatase crystals. These authors found that below 610 °C, 
the phase transformation is immeasurably slow; but above 730 oC it occurs extremely rapidly. 
They also deduced that the phase transformation is of second-order with respect to the 
remaining anatase in the initial sample and is characterised by an activation energy of 100 
kcal/mole (418.4 kJ / mole) [108]. But knowing that calcination of clean Ti at 800 oC in air 
also yields rutile-phase TiO2, it cannot be concluded at this stage that the calcination of a Ti- 
(and Na-) based gel on the NaOH-treated Ti foil surface is the only origin of the TiO2 observed 
by XRD. 
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Figure 3-14. XRD patterns of Ti foil treated in different ways: (a) cleaned but untreated; NaOH-treated, and 
calcinated NaOH-treated; (b) calcinated for 1 h at 800 oC in air and NaOH-treated Ti foil calcinated for 1 hour at 
800 oC in N2. The XRD pattern of as-NaOH-treated Ti is shown for comparison purposes. Powder diffraction 
patterns for rutile phase TiO2 (PDF TiO2 00-021-1276) are displayed in the lower part of each graph. 
 
200 400 600 800 1000
 NaOH-treated Ti-800 
o
C 
 As-NaOH-treated Ti
 Ti Foil
3
5
1
.5
 (
R
)
A
1g
 
 
R
am
an
 I
n
te
n
si
ty
 (
co
u
n
ts
)
Raman Shifts (cm
-1
)
E
gR: Rutile
2
8
3
,2
236,3
 
Figure 3-15. Raman spectra of cleaned, untreated Ti foil, as-NaOH-treated Ti, and of NaOH-treated Ti 
calcinated for 1 hour at 800 oC in N2. The spectrum of the as-NaOH-treated Ti is shown for comparison 
purposes. 
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Raman spectroscopy was carried out in order to confirm the presence of the anatase and rutile 
phases inferred from the XRD results (NaOH-treated Ti-800 oC sample). Figure 3-15 shows 
Raman spectra of untreated Ti foil, as-NaOH-treated Ti, and NaOH-treated Ti-800 oC. The 
assignment of the peaks observed in Figure 3-15 was based on literature [110–111]. The 
following Raman bands were observed in the spectrum of the NaOH-treated Ti-800 oC sample: 
236.3 cm-1, 283.2 cm-1, 351.5 cm-1 (rutile), 446.8 cm
-1 (Eg, rutile), and 611.0 cm
-1 (A1g, rutile)) 
(see Figure 3-15). These results confirm that calcination for 1 hour at 800 oC in N2 yields only 
rutile-phase TiO2, in agreement with the XRD results. 
 
 
Figure 3-16. Low (a) and high (b) magnification SEM micrographs of NaOH-treated Ti, calcinated for 1 hour at 
600 oC in N2. 
 
Figure 3-16 shows low and high magnification SEM micrographs of NaOH-treated Ti 
calcinated at 600 oC in N2. Figure 3-17 shows the formation of faceted nanorods when the 
NaOH-treated Ti sample is calcinated at 800 oC. From Figure 3-16, it is seen that a porous 
network of dendritic structures is once again observed, which implies that calcination for 1 
hour at 600 oC does not change the morphology of the as-NaOH-treated Ti sample (see Figure 
3-12). However, in Figure 3-17, it is seen that rods-like structures formed, and are rutile-phase 
TiO2 as shown by the relevant XRD pattern in Figure 3-14(a).  
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Figure 3-17. Low (a) and high (b) magnification SEM micrograph of NaOH-treated Ti, calcinated for 1 hour at 
800 oC in N2. 
 
 
Figure 3-18. (a) Low and (b) high magnification SEM micrographs of clean Ti foil calcinated for 1 h at 800oC in 
air; and (c) low and (b) high magnification SEM micrographs of NaOH-treated Ti foil, calcinated for 1 hour at 
800 oC in N2. This image was obtained from a different part of the sample compared to the ones shown in Figure 
3-17. 
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Figure 3-18 compares the morphology of structures developed on a clean Ti foil calcinated for 
1 hour at 800oC in air ((a) and (b)) to that developed on the NaOH-treated Ti-800 oC sample 
((c) and (d)). The SEM micrographs shown in Figure 3-18(c, d) were taken from an area of the 
sample where the gel coverage was presumably not complete, hence the different morphology 
compared to what is seen in Figure 3-17. It is evident that annealing (at 800 oC) of Ti in air also 
produces nanostructures, albeit not with a rod-like morphology. Interestingly, similar structures 
can also be seen in Figure 3-18(c – d), where the layer of nanocrystals presumably formed in 
regions where the gel coverage was incomplete. It is concluded that the faceted nanorods 
observed after calcination of NaOH-treated Ti, develop from the gel produced on the Ti surface 
during the gel-deposition process. These structures do not develop through the oxidation of the 
metal in the calcination environment.  
 
In summary, calcination in N2 converts a Na-based gel developed on Ti foil into a mixture  of 
anatase- and rutile-phase TiO2 at 600 
oC and pure rutile-phase TiO2 faceted nanorods at  800 
oC. 
 
3.2.2.2 TiO2 nanorods developed through KOH and H2O2 routes 
 
Another set of experiments was conducted in order to understand the role of the alkali elements 
in the formation of faceted rutile-phase TiO2 nanorods on Ti foil. More experimental details 
were presented in the experimental section.  
 
Figure 3-19(a) shows XRD patterns for Ti foil treated as follows: cleaned but untreated; KOH-
treated, and calcinated KOH-treated. Figure 3-19(b) compares the XRD patterns of both KOH- 
and NaOH-treated Ti after calcination for 1 hour at 800 oC in N2. It is clear that rutile-phase 
TiO2 formed on the surface of the KOH-treated Ti-800 
oC sample, and the two different alkali-
based treatments yielded very similar XRD patterns. Figure 3-20 shows low and high 
magnification SEM micrographs of the KOH-treated Ti sample. A porous network of structures 
for the as-KOH-treated Ti sample is observed, similar to that seen for the NaOH-treated sample 
(Figure 3-12 (b)).  
 
Figure 3-21 shows SEM micrographs (a – c) of KOH-treated Ti after calcination for 1 hour at 
800 oC in N2. For comparison, a NaOH-treated sample, calcinated identically, is shown in 
Figure 3-21(d). Upon calcination, the porous network observed in Figure 3-20 converts into 
faceted nanorods, as seen in Figure 3-21(a – c). The XRD patterns discussed earlier in Figure 
65 
 
3-19(a) confirm that these nanorods are crystalline rutile-phase TiO2. A comparison of Figure 
3-21(c) and (d), yields the conclusion that the rutile-phase TiO2 structures developed using the 
alkali-based (NaOH and KOH) gel-calcination route, have a faceted rod-like morphology. 
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Figure 3-19. (a) XRD patterns of Ti foil treated in different ways: cleaned but untreated; KOH-treated, and 
calcinated KOH-treated; and (b) XRD patterns of KOH- and NaOH-treated Ti, calcinated for 1 hour at 800 oC in 
N2. 
 
  
Figure 3-20. Low (a) and high (b) magnification SEM micrographs of as-KOH-treated Ti. 
 
 
(a) (b) 
(a) 10 µm 1 µm (b) 
As-KOH-treated Ti As-KOH-treated Ti 
66 
 
Ti foil was also treated in hydrogen peroxide in order to prevent the formation of an alkali-
based (Na or Ki) titanate. Figure 3-22(a) shows XRD patterns of Ti foil treated in different 
ways: cleaned but untreated; H2O2-treated, and H2O2-treated and calcinated at 800 
oC in air for 
1 hour. In Figure 3-22(b) the patterns for H2O2-treated Ti calcinated for 1 hour at 800 
oC in air 
and NaOH-treated Ti calcinated at the same temperature in N2 are compared. It is seen that 
rutile-phase TiO2 formation took place efficiently on the surface of the calcinated H2O2-treated 
Ti foil. Furthermore, the XRD patterns of calcinated NaOH and H2O2-treated Ti contain the 
same peaks, thus confirming the presence of rutile-phase TiO2. 
 
 
Figure 3-21. SEM micrographs of Ti after (a - c) KOH-treatment followed by calcination for 1 hour at 800 oC in 
N2 and (d) NaOH-treatment followed by a similar calcination as the KOH-treated sample. 
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Figure 3-22. (a) XRD patterns of Ti foil treated in different ways: cleaned but untreated; H2O2-treated, and 
calcinated H2O2-treated; and (b) XRD pattern of H2O2-treated Ti calcinated for 1 hour at 800 oC in air and 
NaOH-treated Ti in N2. 
 
Figure 3-23. Raman spectra of cleaned, untreated Ti foil, H2O2-treated Ti, and of H2O2-treated Ti, calcinated for 
1 hour at 800 oC in N2 flow. 
(a) (b) 
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Figure 3-24. (a) Low and (b) high magnification SEM micrographs of H2O2-treated Ti. 
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Figure 3-25. (a) Low and (b) high magnification SEM micrographs of H2O2-treated Ti calcinated for 1 hour at 
800 oC in air; and high magnification SEM micrographs of (c) NaOH- and (d) KOH-treated Ti calcinated for 1 
hour at 800 oC in N2. 
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Figure 3-23 shows Raman spectra of the same samples discussed in Figure 3-22(a). The Raman 
bands observed for the calcinated H2O2-treated sample are the same as those observed in Figure 
3-15 for the calcinated NaOH-treated sample, illustrating that the material formed on the Ti 
foil upon calcination at 800 oC, is indeed rutile-phase TiO2.  
 
Figure 3-24 shows low and high magnification SEM micrographs of uncalcinated H2O2-treated 
Ti. The morphology of this sample is highly porous. However, upon calcination at 800 C in 
air, this morphology transforms into rutile-phase TiO2, as discussed in Figure 3-22 and Figure 
3-23.  
 
Figure 3-25 shows low and high magnification SEM micrographs of calcinated H2O2-treated 
Ti. For comparison, high magnification SEM micrographs of calcinated (800 oC)  
(c) NaOH-treated Ti and (d) KOH-treated Ti, are also shown. The micrographs in Figure 
3-25(a) and (b) show unfaceted nanorods, contrary to the faceted nanorods developed via the 
NaOH and KOH routes ( (c) and (d)).  
 
3.2.2.3 The formation mechanism of rutile-phase TiO2 nanorods 
 
The mechanism that leads to the synthesis of rutile-phase TiO2 nanorods on Ti foil by NaOH-
based gel-calcination is discussed below. A schematic representation summarising the surface 
structural/chemical changes of the Ti foil during the alkali-based gel-calcination process is 
presented in Figure 3-26. The high temperature calcination of the Na- or K-based amorphous 
network of dendritic structures (formed on the Ti surface during a 24 hours soak in NaOH or 
KOH solution) converts it into Na-titanate or K-titanate, in the shape of faceted nanorods [37]. 
In turn, Na- (or K-) titanate faceted nanorods convert into faceted nanorods of rutile-phase TiO2 
when Na (or K) evaporates in the form of an oxide.  
 
In the literature, the morphological transformation processes of products obtained from the 
hydrothermal reaction of TiO2 with different alkalis (NaOH, KOH, LiOH, etc.) have been 
intensively discussed [37–39]. For instance, Kolen’ko et al. [37] investigated the formation 
process of titania-based nanorods during hydrothermal synthesis, starting from an amorphous 
TiO2∙nH2O gel. These authors hydrothermally prepared Na tri-titanate (Na2Ti3O7) particles 
with a rod-like morphology in the presence of a concentrated NaOH aqueous solution. 
Calcination of the as-produced nanorods of Na2Ti3O7 and H2Ti3O7 led to the formation of 
metastable TiO2-B phases [37]. Specifically, nanorods of TiO2-B were obtained upon 
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calcination at 500 C in air for 10 h [37]. Chen et al. [39] made a similar observation using the 
following alkali-containing agents: NaOH, KOH and LiOH. The authors noticed that a high 
concentration of Na+ and K+ ions was necessary for the production of TiO2 nanorods. 
 
 
Figure 3-26. A schematic representation summarizing Ti foil surface changes during the NaOH (or KOH)-based 
gel-calcination process.  
 
Consequently, it can be deduced that the TiO2 nanorods observed in Figure 3-17 and Figure 
3-21 inherited their rod-like morphology from Na (K) titanates. Firstly, Ti foil and its natural 
surface layer of TiO2 reacted with dissolved NaOH (KOH) in DI water at 76 C. During this 
process (gel-deposition), the natural TiO2 layer partially dissolves in the alkaline solution 
because of the attack by hydroxyl groups. Secondly, some of the Ti–O–Ti bonds are broken 
during gel-deposition. Thus, with all the Ti atoms available, a gelatinous layered titanate 
containing titanium and oxygen, separated by Na+ (K+) ions, will form. Finally, upon 
calcination at 800 C, this gelatinous layer will convert into Na (K)-titanate faceted nanorods. 
These, in turn, will convert into faceted nanorods of rutile-phase TiO2 when Na (K) evaporates 
in the form of an oxide. When no alkali is present during the initial surface treatment, by 
following for instance the H2O2 route, the nanostructures obtained in the present work were not 
faceted, supporting the mechanism discussed above.  
Na (or K) 
titanate 
nanorods 
Ti foil 
Gelation 
5 M NaOH (or KOH) solution 67 oC, 24 hours 
 
Formation 
of 
 Na (or K) 
Titanate gel  
on  
Ti surface 
Rutile-phase 
TiO2 nanorods 
 
Calcination 
800 oC in N2, 24 hours 
 
Crystallization 
Evaporation 
of a Na (or K) 
oxide based 
800 
o
C in N
2
 800 
o
C in N
2
 
71 
 
3.3 Conclusions 
 
Rutile-phase TiO2 rods were successfully prepared by hydrothermal bath deposition on F:SnO2. 
It was found that each rod was a bundle made of crystalline TiO2 prismatic nanorods, each 
approximately 4 nm in width. The estimated lattice parameters of the rutile-phase TiO2 
prepared for 20 hours are a = b = 0,4620 nm and c = 0,2959 nm. Each bundle had a tetragonal 
morphology. Tetragonal bundles of TiO2, highly oriented with respect to the substrate surface, 
were prepared using an optimised growth time (20 hours). It was also observed that the bundles 
of TiO2 nanorods acted as single entities from the point of view of Raman scattering (and thus 
lattice vibrations). The oriented bundles of TiO2 appeared to act as “larger” crystals to the 
lattice phonons. Hence, phonon confinement effects could not be observed, because 
translational symmetry was preserved at the boundaries between the nanorods within a bundle. 
Moreover, as the preferred orientation of the bundles perpendicular to the substrate surface 
improved with growth time, an unusual increase in the room and low (77K) temperature Eg/A1g 
Raman band intensity ratios was observed. The low temperature Raman peak position and peak 
width data was interpreted as supporting the hypothesis that the bundles of nanorods act as 
single entities from the point of view of the lattice phonons. Phonon symmetries and 
frequencies (in cm-1) of these bundles of rutile-phase TiO2 were measured at points Γ, X, M 
and Z Brillouin zone at room temperature and 77 K, and were found to be consistent with rutile-
phase TiO2 phonon symmetries and frequencies. 
 
The synthesis of rutile-phase TiO2 nanorods at 800 C on Ti foil was also demonstrated. Rutile-
phase TiO2 nanostructures were prepared on Ti foil following a two-step gel-calcination 
method, which involves a gel-deposition process followed by calcination. It was shown that 
the use of an alkali-based solution such as NaOH and KOH during gel-deposition, leads to the 
formation of faceted nanorods of rutile-phase TiO2 upon calcination at high temperature. When 
a solution that does not contain any alkali element, such as H2O2, was used during gel-
deposition, the shape of the newly formed nanostructures upon calcination at high temperature 
was clustered nanoparticles rather than nanorods. Based on these experimental observations, it 
was suggested that the high temperature calcination of a Na (or K)-based amorphous network 
of dendritic structures (formed on the Ti surface during a 24-hour soak in NaOH (KOH) 
solution) converts it into Na-titanate. The titanate is in the shape of faceted nanorods, which in 
turn converts into faceted nanorods of rutile-phase TiO2 when Na (or K) evaporates in the form 
of an oxide. 
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4. DEVELOPMENT OF ANATASE-PHASE TITANIUM DIOXIDE TUBES ON 
FTO-COATED GLASS SUBSTRATES  
  
This chapter reports on the deposition processes used to form TiO2 tubes upon calcination. It 
is worth mentioning that in this chapter only material formed on FTO-coated glass will be 
considered. FTO-coated glass has a low surface resistivity, high optical transmittance, is 
scratch and abrasion resistant, is thermally stable even at high temperatures, and is inert to a 
wide range of chemicals.  
 
The method in this study improves upon the one-step templating solution approach previously 
reported [7, 112]. In section 4.1 experimental details on the development of TiO2 tubes is 
presented, while in section 4.2 the results of various growth experiments are presented. The 
deposition chemistry and formation mechanism is also discussed. The chapter is concluded 
with a short summary in section 4.3.  
 
4.1 Experimental details 
 
4.1.1 Zinc oxide rod synthesis by chemical bath deposition 
 
The chemical bath deposition process consisted of two steps: ZnO seed layer deposition on 
cleaned F:SnO2-coated (FTO-coated) glass substrates, followed by the growth of ZnO rods on 
the pre-treated substrates. Before the deposition of the seed layer, the substrates were cleaned 
sequentially using trichloroethylene, acetone, methanol and DI water, and then dried with 
nitrogen gas. A well-agitated ethanolic solution (20 ml) containing 5 mM zinc acetate dihydrate 
(Zn(CH3COO)2•2H2O) and 0.0101 g PVP was then deposited onto pre-cleaned substrates using 
a spin coater. The spin-coated substrates were annealed in oxygen for 30 minutes at 300 oC at 
atmospheric pressure. This spin-coating and annealing process was repeated twice.  
The growth solution used to produce ZnO rods consisted of a mixture of aqueous solutions of 
zinc nitrate hexahydrate (Zn(NO3)2⋅6H2O) and hexamethylenetetramine (hexamine, C6H12N4). 
The aqueous solutions were prepared by dissolving 0.67 g of zinc nitrate hexahydrate in 45 ml 
of DI water and 0.63 g of hexamethylenetetramine also in 45 ml of DI water. The seeded 
substrates were immersed in the growth solution at 85 oC for 90 minutes. These samples 
labelled “as-grown ZnO rod templates”, were broken into pieces.  
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4.1.2 Preparation of TiO2 tube arrays  
 
Aqueous solutions of ammonium hexafluorotitanate (99.99%, metal basis) and boric acid 
(98%) with different molar concentrations and total volumes were prepared, as summarised in 
Table 4-1. These solutions were used to prepare mixtures of boric acid and ammonium 
hexafluorotitanate. The two reagents were mixed in a beaker at RT and atmospheric pressure 
and the resulting solution was left to rest for 5 minutes under magnetic stirring.  
 
Table 4-1. Initial molar concentrations of boric acid, H3BO3, and ammonium hexafluorotitanate, (NH4)2TiF6. 
Experiment 
Volume 
(ml) 
[(𝐍𝐇𝟒)𝟐𝐓𝐢𝐅𝟔]  
(mM) 
[H3BO3]  
(mM) 
Reaction time 
1 
20 
24 
56 
10, 30 and 60 minutes 
2 15 10 minutes 
3 5 10 minutes 
5 24 56 10 minutes 
6 24 37 10 minutes 
7 90 24 56 10 minutes 
 
The as-grown ZnO rod templates described in section (4.1.1) were immersed in the prepared 
mixtures with the molar concentrations shown in Table 4-1: Experiment 1, for 10, 30 and 60 
minutes to produce titanium hydroxide complexes. Note that for each experiment, a fresh 
aqueous solution was prepared.  
 
After immersion, the surface-modified templates were washed in DI water and then calcinated 
at 550 oC for 1 hour in a pre-heated oven, in order to produce anatase-phase TiO2. The oven 
had to be pre-heated in order to control the calcination experiment. Also, as the purpose of 
calcination was a straightforward conversion step of the Ti hydroxides into anatase-phase TiO2, 
there was no need for a gradual increase in annealing temperature.  
 
In this work, for samples where the developed nanostructures did not show a tubular 
morphology, an HCl treatment was added. The calcinated samples of interest were immersed 
in 20 ml of 3% v/v HCl for 1 minute in order to remove as much of the remaining ZnO as 
possible for further morphological analysis. 
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4.2 Results and discussion 
 
4.2.1 Anatase TiO2 tube development  
 
Figure 4-1 shows (a) low and (b) high magnification SEM micrographs of the as-received FTO-
coated glass substrate, (c) the corresponding XRD pattern and (d) an EDS spectrum acquired 
at 10 kV from the same sample. The micrographs in Figure 4-1(a - b) show that the FTO-coated 
glass has a highly textured surface with grain-like structures. The corresponding XRD pattern 
in Figure 4-1(c) (black curve) shows that these structures are preferentially aligned in the [200] 
direction. The EDS results shown in Figure 4-1(d) confirms the presence of Sn and O on the 
glass substrate.  
  
Figure 4-1. Typical low (a) and high (b) magnification SEM micrographs of as-received FTO-coated glass 
substrate. (c – d) Corresponding XRD pattern and EDS spectrum, respectively. The EDS spectrum was acquired 
at 10 kV. Powder diffraction data of FTO (PDF SnO2 00-041-1445) is added in (c) as reference. 
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Figure 4-2. Typical (a) low and (b) high magnification SEM micrographs of ZnO templates prepared on FTO-
coated glass substrate. (c) Corresponding XRD patterns of ZnO template. The pattern of FTO-coated glass is 
included for comparison. (d) EDS spectrum of ZnO template, acquired at 10 kV. 
 
Figure 4-2 shows (a) low and (b) high magnification SEM micrographs of ZnO templates 
prepared on FTO-glass substrate by chemical bath deposition, and Figure 4-2(c – d) the 
corresponding XRD patterns and EDS spectrum, respectively. The micrographs in Figure 4-2(a 
– b) show that the as-grown ZnO on FTO-coated glass formed in the shape of rods with 
hexagonal cross-sections. The corresponding XRD pattern Figure 4-2(c) shows that they have 
the wurtzite crystal structure and are preferentially aligned in the [0002] direction. The 
detection of X-rays diffracted by the (101̅1) and (101̅2) planes implies that some of the rods 
are not perpendicular to the substrate or that the rods are not single crystalline but contain grains 
with other orientations. In addition, the EDS spectrum (Figure 4-2(d)) confirms the presence 
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of Zn and O. The Zn signal arises from the nanorods, whereas the Sn signal arises from the 
FTO. 
4.2.1.1 Effect of deposition time on the formation of TiO2 and phase determination 
 
Figure 4-3 shows XRD patterns for anatase-phase TiO2 structures prepared on the ZnO 
templates for 10, 30 and 60 minutes, respectively. These are results from experiment 1 
described in Table 4-1. Firstly, it is seen that during a 10-minute deposition time, the ZnO 
template underwent a dissolution process, due to hydrogen ions which resulted from the 
reaction of boric acid with fluorine [113]. However, no XRD peaks were detected for TiO2, 
which implies either a low amount of TiO2, or the presence of amorphousTiO2. Furthermore, 
deposition times of 30 minutes and 60 minutes are sufficient for the synthesis of detectable 
amounts of anatase-phase TiO2 by our XRD system. It is clear that the (101) diffraction peak 
increases in strength as a function of the time of reaction, as expected.  
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 Figure 4-3. XRD patterns for anatase-phase TiO2 developed on the templates for reaction times of 10 minutes, 
30 minutes and 60 minutes. Powder diffraction pattern for anatase-phase TiO2 is added as reference (PDF TiO2 
00-021-1272). 
 
For deposition times longer than 30 minutes, the wurtzite phase ZnO was completely dissolved. 
The following competing and concomitant actions take place during the deposition process: 
progressive etching of the ZnO template, and the development of a Ti-based material on the 
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FTO-coated glass substrates. The calcination process ensures that the deposited material is 
converted into anatase-phase TiO2 [113–114].  
 
0 2 4 6 8 10
0,0
200,0
400,0
600,0
800,0
1,0k
1,2k
1,4k
1,6k
1,8k
2,0k
0 2 4 6 8 10
0,0
500,0
1,0k
1,5k
2,0k
2,5k
3,0k
3,5k
0 2 4 6 8 10
0
1k
2k
3k
4k
5k
Sn
Ti
Sn
Ti
Zn
 
 
cp
s/
eV
KeV
O
Ti
Sn
 
 
 
Ti
Sn
Sn
Ti
Zn
 
cp
s/
eV
KeV
O
Sn
 
 
 
Ti
Sn
 
 
 
Ti
Sn
Ti
Zn
 
cp
s/
eV
KeV
O
 
Figure 4-4. EDS spectra of developed anatase-phase TiO2 structures on the templates for a deposition time of (a) 
10 minutes, (b) 30 minutes and (c) 1 hour. 
 
EDS spectra, acquired at 10 kV, of the three of the samples are presented in Figure 4-4. Figure 
4-4(a) reveals the presence of Ti, Zn, Sn and O. The Ti is due to the formation of TiO2, while 
Sn originates from the FTO conducting layer. The presence of Zn implies that the TiO2 material 
(a) (b) 
(c) 
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actually contains traces of Zn atoms, both from dissolved ZnO nanorods and wurtzite phase 
ZnO.  
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Figure 4-5. (a - c) Raman spectra of anatase-phase TiO2 prepared on FTO-coated glass, using a 10-minute 
deposition time. (d) Eg(1) mode shift as a function of temperature. 
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Raman spectroscopy, which is a more surface-sensitive technique than XRD, was used to 
confirm the phase of the developed material after a 10 minute deposition time. Figure 4-5 shows 
temperature dependent Raman spectra for the sample prepared using a deposition time of 10 
minutes. The Raman modes were assigned based on references [115–117]. Figure 4-5(b, c) 
shows more details of the different Raman modes identified in Figure 4-5(a). Figure 4-5(d) 
shows the shift in the Eg(1) mode as a function of temperature. The following Raman active 
modes of anatase-phase TiO2 are evident: Eg(1), Eg(2), B1g(1), B1g(2)+A1g and Eg(3). These 
scattering features, together with their corresponding values as reported in the literature, are 
summarised in Table 4-2. Note that no ZnO Raman band was observed, despite the fact that 
the (0002) ZnO peak was still detectable by XRD. This is simply due to the surface-sensitive 
nature of Raman spectroscopy, which will not yield scattering from the buried ZnO still present 
in the sample. It is understood, therefore, that the 10-minute deposition time followed with a 1 
hour calcination at 550 oC in air led to the synthesis of TiO2 in the anatase-phase. 
 
Table 4-2. Room temperature phonon symmetries and frequencies (in cm-1) at points Γ, X, M and Z of the 
Brillouin zone at room temperature. First-order scattering features. 
 
Mulliken 
notation 
Raman modes measured 
in anatase-phase TiO2 
tubes 
Raman modes in anatase-phase TiO2 
reported in literature 
Eg(1) ~143±2 cm-1 
136.8 cm-1 [115], 140.0 cm-1 [115], 
143 cm-1 [116], 144 cm-1 [116] 
[117], 145 cm-1 [116] 
Eg(2) ~198±2 cm-1 196 cm-1 [116], 197 cm-1 [117] 
B1g(1) ~398±2 cm-1 
396 cm-1 [116], 398 cm-1 [116], 399 cm-
1 [117] 
.B1g(2)+A1g ~519±2 cm-1 
514 cm-1 [116], 515 cm-1 [116], 516 cm-
1 [116], 519 [117] 
Eg(3) ~638±2 cm-1 
637 cm-1 [116], 638 cm-1 [116], 639 cm-1 
[116] [117] 
 
 
4.2.1.2 Analysis of the morphology of developed anatase-phase TiO2 structures 
 
Figure 4-6 shows typical top (a – c) and side view (d) SEM micrographs of a TiO2 sample 
prepared after a 10 minute deposition time, followed by calcination at 550 oC in air for 1 hour. 
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From the top view micrographs, it is seen that the TiO2 structures have inherited the rod-like 
morphology of the ZnO rod templates. Moreover, cracks are observed between the developed 
structures, as pointed out by red arrows in Figure 4-6(b). As the deposited material is heated at 
550 oC for 1 hour in air, it undergoes a volumetric change both as a result of phase-
transformation (Ti hydroxides to TiO2 crystals) and thermal expansion. More details on Ti 
hydroxide development during deposition will be discussed later. The inset in Figure 4-6(b) 
shows further that the deposition process takes place between the rods of ZnO also. Finally, 
from the side view micrograph as seen in Figure 4-6(d), it appears that the structures have 
retained the morphology of the template.  
 
Figure 4-6. Typical top view (a – c) and side view (d) SEM micrographs of anatase-phase TiO2 developed on 
FTO coated glass substrate following a 10 minute deposition time. Concentrations of precurosrs used in a total 
volume of 20 ml: 24 mM (NH
4
)
2
TiF
6
 and 56 mM H
3
BO
3
. The calcination time was 1 hour. 
 
Figure 4-7 shows typical top (a – b) and side view (c) SEM micrographs of another TiO2 sample 
deposited for 30 minutes and then calcinated as before. From the top view micrographs, it is 
seen again that the TiO2 structures have inherited the rod-like morphology of the ZnO rod 
templates.  
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Figure 4-7. Typical top view (a – b) and side view (c) SEM micrographs of anatase-phase TiO2 developed on 
FTO coated glass substrate following a 30 minute deposition time. Concentrations of precurosrs used in a total 
volume of 20 ml: 24 mM (NH
4
)
2
TiF
6
 and 56 mM H
3
BO
3
. The calcination time was 1 hour. 
 
Figure 4-8 shows typical top (a – b) and side view (c) SEM micrographs of another TiO2 sample 
deposited for 60 minutes and calcinated as before. From the top view micrographs, it is clear 
that the TiO2 has inherited the rod-like morphology of the ZnO template, but the cracks referred 
to above are considerably wider (see the red arrow in Figure 4-8(a)). It is concluded from the 
side-view micrographs that the morphology of the template is best retained for the shortest 
deposition time of 10 minutes. Therefore, this is the sample that was investigated in more 
details. 
1 µm (b) 
1 µm (a) 
Glass 
FTO 
1 µm (c) 
30 minute deposition 
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Figure 4-8. Typical top view (a – b) and side view (c) SEM micrographs of anatase-phase TiO2 developed on 
FTO coated glass substrate following a 60 minute deposition time. Concentrations of precurosrs used in a total 
volume of 20 ml: 24 mM (NH
4
)
2
TiF
6
 and 56 mM H
3
BO
3
. The calcination time was 1 hour. 
 
Figure 4-9 shows SEM micrographs of the sample prepared by a 10-minute deposition in 
regions where the density of TiO2 structures were lower than those shown in Figure 4-6(a). The 
lower density of nanostructures is ascribed to a non-uniform distribution of the ZnO rods in the 
template. We had to look for these regions across the sample. Figure 4-9 confirms that the TiO2 
structures inherited the shape of the ZnO rods and are tubular in shape. Furthermore, it appears 
from Figure 4-9(d – f), that the deposition process starts first on the ZnO rods templates. 
 
Further morphological analysis by TEM confirmed that a 10 minute deposition as described in 
Table 4-1 (experiment 1) followed by calcination at 550 oC in air for 1 hour leads to the 
development of TiO2 tubes. Figure 4-10 shows (a) low and (b) high magnification cross-
sectional TEM micrographs of the same sample, in regions with a lower density of TiO2 
structures. A small section from the sample imaged in Figure 4-9 was isolated by focused ion 
beam milling.  
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Figure 4-9. Low (a – d) and high (e – f) magnification SEM micrographs of the sample produced by a 10 minute 
deposition, in regions with a lower density of TiO2 structures.  
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Figure 4-10. Typical (a) low and (b – c) high magnification cross-sectional TEM micrographs of the sample 
produced by a 10 minute deposition, in a region containing a lower density of TiO2 structures. 
 
Figure 4-10 (a) confirms the tubular morphology of the nanostructures. Some appear sliced 
open (Figure 4-10(b)) due to the ion beam sectioning in the FIB-SEM and others not (Figure 
4-10(c)). Furthermore, Figure 4-10(b) reveals some dark features on a nano scale, which seems 
to indicate that the tubes are not single crystalline but rather that the walls are an agglomeration 
of crystalline particles.  
 
Figure 4-11 shows EDS spectra acquired from the tubes shown in Figure 4-10(b) and (c). 
Regions of the tubes from where the energy of emitted X-rays were measured are labelled tube 
number 1 and 2, respectively. The EDS spectra reveal again the presence of Ti, Zn and O, as 
expected. Observed Ti is due to the formation of TiO2 as already demonstrated through XRD 
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and Raman spectroscopic analysis (see Figure 4-3 and Figure 4-5). Moreover, it is observed a 
considerable amount of Zn in the walls of tube number 2 than from tube number 1. This is 
possible only if boric acid etched ZnO tubes along the c-axis during the deposition step leaving 
behind the void that makes these structures tubular. Therefore, the traces of Zn atoms both from 
dissolved ZnO nanorods and wurtzite phase ZnO observed in XRD patterns and EDS spectra 
discussed in Figure 4-3 and Figure 4-4, originated from the walls of newly formed TiO2 tubes 
upon calcination at 550 oC for 1 hour and not from the ZnO rod templates. The high 
magnification TEM image and electron diffraction pattern shown in Figure 4-12 and Figure 
4-13, respectively, were obtained from a region of the wall shown in Figure 4-8 and confirm 
that the particles that form after calcination are crystalline.  
 
In conclusion, tubes of TiO2 produced after a 10 minute deposition time followed by calcination 
at 550 oC for 1 hour in air are tubular, with walls consisting of an agglomeration of crystalline 
anatase-phase TiO2 particles and traces of Zn and ZnO that could not be completely removed 
by the boric acid. TEM analysis of a single tube revealed also that the ZnO rod templates are 
etched along the c-axis during the deposition process. It follows therefore that there are two 
competing processes during the deposition step, namely the coating process of ZnO rods and 
the dissolution process (preferentially along the c-axis).  
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Figure 4-11. EDS spectra of anatase-phase TiO2 tubes imaged in Figure 4-10 (b) and (c). Tubes analysed here are numbered for the sake of discussion.
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Figure 4-12. High magnification TEM image taken from a region of the tube wall shown in Figure 4-10(b). 
 
 
Figure 4-13. Typical electron diffraction pattern taken from a region of the tube wall shown in Figure 4-10(b). 
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4.2.1.3 Effect of surface properties of ZnO rod templates on the morphology of TiO2 
tubes 
 
In an attempt to study the effect of lateral and Zn- (or O-) terminated surfaces of the ZnO rods 
on the morphology of TiO2, a 10 minute deposition process was conducted by varying the 
molar concentrations of the Ti-based precursor and boric acid. An HCl treatment was applied 
to the TiO2 structures in order to remove as much of the remaining ZnO as possible after 
calcination. Diluted HCl has been demonstrated to be an efficient selective etching agent for 
ZnO over TiO2 by Qui et al. [43] when used in small concentrations and for short periods of 
time. TiO2 tubes were prepared on FTO-glass substrates (samples) after 10 minutes of reaction 
time followed by a 1 hour calcination at 550 oC already discussed above, then treated in 3% 
v/v HCl for 30 seconds.  
 
Figure 4-14(a – e) show SEM microgaphs of as-prepared TiO2 tubes taken from different 
regions of the sample with a relatively low density of TiO2 tubes. The concentrations of 
precursors (in the total mixture volume of 20 ml) was 24 mM for (NH4)2TiF6 and 56 mM for 
H3BO3, respectively. These molar concentrations are considered as reference. Tubes prepared 
using other concentrations will be compared to these ones. The micrographs show a mixture of 
tubes with different morphological features: TiO2 tubes with lateral surfaces                                
entirely covered (Figure 4-14(a – b)), and TiO2 tubes with perforated top and lateral surfaces 
(Figure 4-14(c – e)). The wall thicknesses of the tubes shown in the Figure 4-14(d – e) appear 
to be smaller than those of the tubes discussed earlier in Figure 4-9(f). Based on the TEM 
results discussed above (see Figure 4-10 and Figure 4-11), the reduction in wall thickness 
illustrates the effect of etching in diluted HCl. The observed wall perforation, however, cannot 
be entirely attributed to HCl etching: upon HCl treatment, only few tubes were perforated at 
their top surface (ends) as seen in Figure 4-14(d – e)). The observed perforations were regions 
occupied by ZnO prior to the HCl treatment. Consequently, the process that led to the 
development of the open-ended tubes(observed in in Figure 4-14(d – e)) involved the surface 
chemical properties of ZnO. Either the top surfaces of the rods of the ZnO rods did not react 
with the Ti-based precursor leaving the top uncoated (with TiO2 based-material prior to 
calcination), or boric acid reacted with ZnO preferentially along their c-axis during the 
deposition process. The argument on boric acid action along the c-axis may be true if the 
dissociation of ZnO process starts first before the deposition of Ti-based material. As result, 
the deposition of TiO2-based material takes place only on lateral surfaces of the templates (ZnO 
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rods). Treating resulting tubes (after calcination at 550 oC) in HCl treatment, lead consequently, 
to the destruction of remaining ZnO embedded inside the walls of TiO2. 
 
  
Figure 4-14. SEM microgaphs of TiO2 tubes obtained after an HCl treatment in 3% v/v HCl for 30 seconds, 
taken from different regions of the same sample. The concentrations of precursors ( in a total mixture volume of 
20 ml) was 24 mM (NH
4
)
2
TiF
6
 and 56 mM H
3
BO
3. 
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Figure 4-15. SEM microgaphs of TiO2 tubes obtained after an HCl treatment in 3% v/v HCl for 30 seconds, 
taken from different regions of the same sample. The concentrations of precursors ( in a total mixture volume of 
20 ml) was 5 mM (NH
4
)
2
TiF
6
 and 56 mM H
3
BO
3. 
 
Figure 4-15(a – e) show SEM microgaphs of TiO2 tubes, prepared in a 20 ml mixture containing 
5 mM (NH4)2TiF6 and 56 mM H3BO3, respectively. Despite the low amount of Ti-based 
precursor in the solution, some tubes have unperforated lateral surfaces. (Figure 4-15(a, c)). In 
some regions of the sample, tubes with perforated side walls were observed (see Figure 4-15(b, 
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d, e)). Furthermore, some tubes appear to have a hexagonal shape, as seen in Figure 4-15(d) 
and (e). The non-uniform deposition observed here is enhanced because of the lower 
concentration of ammonium hexafluorotitanate. It appears that the ZnO rods were not 
completely coated. Consequently, where the walls are thick HCl couldn’t get through to the 
remaining ZnO. It is worth mentioning that in a solution with the same concentration of 
ammonium hexafluorotitanate but lower boric concentration (37 mM), tubes with the same 
morphological features of tubes discussed in Figure 4-15 were observed.  
 
Therefore, due to the fact that (1) tubes of anatase-phase TiO2 with capped-ends, open-ends 
and perforated surfaces (on lateral surfaces) were observed from sections of a typical sample 
prepared under the same experimental conditions (same concentrations of precursors, 
deposition time, and temperature of calcination in air) (see for example Figure 4-14), (2) a HCl 
treatment created holes in tubes located in regions with a lower density of the nanostructure 
materials, and (3) the etching process of the template ZnO rods takes place preferentially along 
the c-axis, it is understood that: (i) ZnO rods act as sites for the synthesis of titanium hydroxide 
complexes, and (ii) the early stage of the Ti-based development process does not proceed in 
the same way on all lateral and Zn- (O-) terminated surfaces of the ZnO rod templates.  
 
The production of titanium hydroxide complexes during the deposition process is considered 
to proceed through reactions (4.1) to (4.8) below, which occur when an aqueous solution of 
boric acid is added to ammonium hexafluorotitanate. The development of TiO2 follows reaction 
(4.9). 
 
H2O ⇌ H
+ + OH−  (4.1) 
H3BO3 + H2O ⇌ B(OH)4
− + H+ [118]  (4.2) 
(NH4)2TiF6 ⇌ 2NH4
++ TiF6
2− [44] (4.3) 
TiF6
2− + 2H2O ⇌  TiF5(OH)
2− + F−+ H3O
+ [44] (4.4) 
F−+ H3O
+ ⇌ HF + H2O [44] (4.5) 
{
TiF6
2−
+ 2H2O ⇌ TiO2s + 4H
+ + 6F− 
TiF6
2−  → ⏞
nOH−
TiF6−n
2− + nF−  → ⏞
(6−n)OH−
Ti(OH)6
2−
+ 6F−
 (4.6) 
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{
H3BO3 + 4H
+ + 4F− ⟶ BF4
− + H3O
+ + 2H2O
B(OH)4
−  → ⏞
nF−
B(OH)4−n
− + nOH−  → ⏞
(4−n)F−
BF4
− + 4F−
 
(4.7) 
 
ZnO + 2H+ ⟶ Zn2+ + H2O (4.8) 
Ti(OH)6
2−
 ⟶ ⏟
Calcination 
at 550oC
TiO2 + 2H2O + 2OH (d) 
(4.9) 
 
Reaction (4.9) takes place during the 1 hour calcination at 550 oC in air, leading to the 
development of anatase-phase TiO2 tubes. It is worth mentioning that reactions (4.2) to (4.6) 
are equilibrium processes. These 9 reactions will be discussed bearing in mind that once the 20 
ml aqueous solution is prepared, all of the listed reactions may take place simultaneously. 
Based on the Lewis concept of acids and bases [119–120], reagents complexes generally have 
the following characteristics:  
• Soft bases have low electronegativity, high polarizability and easily oxidise. Their 
valence electrons are easily removed.  
• Hard bases have high electronegativity, low polarizability and hardly oxidise. Their 
valence electrons are strongly bound.  
• Soft acids are typically large compounds with a low positive charge density and few 
unshared electron pairs in the outer valence shell. They are highly polarizable with low 
electronegativity. 
• Hard acids are small compounds with a high positive charge density and unshared pairs 
of electrons in their valance shell. They have a low polarizability and a low 
electronegativity. 
 
The relative hardness or softness of some acids and bases are listed in Table 4-3. Once acids 
and bases have been classified as hard or soft, the hard and soft acid-base (HSAB) principle 
states that hard acids prefer to bond to hard bases, and soft acids prefer to bond to soft bases 
[121–122]. A soft Lewis acid and a soft Lewis base tend to form a covalent bond, while a hard 
acid and a hard base tend to bond ionically. 
 
Reaction (4.1) is water hydrolysis and reaction (4.2) is the dissolution of boric acid in water. 
Boric acid is a very weak acid and does not dissociate in aqueous solutions as a Brønsted acid 
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[118]. It acts as a Lewis acid by accepting hydroxyl (OH−) anions to form tetrahydroxyborate 
ions [118]. Therefore, upon the addition of boric acid to water, reaction (4.2) shifts to the right. 
It is then understood that the origin of the acidity of this aqueous boric acid solution is 
exclusively due to the abstraction of OH− anions from the water [118]. This abstractive 
property promotes the dissociation of water, a process that otherwise occurs only to a limited 
extent in water (Ka = 10
-14). Thus, the deposition solution is acidic.  
 
Table 4-3. Hardness parameters η of some Lewis acids and bases [121–122]. 
Hard acids Soft acids Hard bases Soft bases 
Formula η Formula η Formula η Formula η 
H+ ∞ Cu2+ 8.3 H2O 7 I
− 3.7 
Ti4+ - Ag+ 6.3 F− 7.0 H− 6.8 
Sn4+ - Pt+ - NH3 6.3   
HX  
(Hydrogen 
bonding 
molecules) 
- Hg+ - OH− 5.6   
K+ -   Cl− 4.7   
B -   B 4.1   
Hardness η, is half the difference between ionization energy and electron affinity. 
 
Reaction (4.3) shows the dissolution of ammonium hexafluorotitanate in water. At equilibrium, 
the solution contains a mixture of (NH4)2TiF6 molecules, and TiF6
2− and NH4
+ ions [44]. 
Reaction (4.4) follows and shifts to the right-hand side only when the concentration of OH− 
ions in the solution is significant [44]. Based on XRD and Raman spectroscopic analysis (see 
(Figure 4-3 and Figure 4-5) that showed the development of TiO2 (after 10 minute deposition 
time followed by calcination at 550 oC for 1 hour in air), reaction (4.4) shifted to the right 
during the deposition process.  
 
The reactions shown by (4.6) are chain reactions for titanium hydroxide synthesis. TiF6
2− ions 
prefer to exchange an F− for an OH− to form TiF5(OH)
2−, liberating F−. However, it is 
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assumed that a high concentration of TiF6
2− ions build up in the solution due to a deficiency of 
OH− ions. Boron (III) is a hard Lewis acidic centre and wants to bind to hard Lewis bases. 
However, both oxygen in the OH− anion as well as F− are hard Lewis bases. Since F− is harder 
than the oxygen in the OH− anion, boron will displace the relatively softer Lewis base oxygen 
in the OH− anion and bind to F−, acting as a fluoride scavenger. The OH− groups then bind to 
titanium as seen in reaction (4.6), until all the F− ions are displaced. At that juncture, the OH− 
groups bonded to neighbouring titanium species condense: two OH− groups join together, 
displace one molecule of H2O and leave one O atom behind. This O atom joins the two Ti 
atoms together. The latter process carries on until all Ti atoms are linked by O atoms, forming 
a polymer. The process as described take place on ZnO rod templates prior to calcination. A 
schematic diagram summarising the by-products of reactions (4.3) - (4.4), (4.7) - (4.8) and (4.9) 
-(4.10) involved in the deposition chemistry is given in Figure 4-16. 
 
 
Figure 4-16. Schematic diagram of the deposition chemistry summarising products of key reactions.  
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4.3 Conclusions 
 
The preparation of TiO2 tubes on FTO- coated glass substrates by a one-step templating method 
was reported. Specifically, the effects of ZnO rod density and deposition conditions (time and 
precursor ratios) on the formation of anatase phase TiO2 tubes were considered. A template 
made of ZnO rods was prepared by chemical bath deposition, and this was then treated under 
different experimental conditions in an aqueous solution of ammonium hexafluorotitanate and 
boric acid. Calcination at 550 oC converted the developed Ti-based material on ZnO rods 
surface into TiO2 structures. Specifically, it was observed that a 10 minute deposition led to the 
development of TiO2 tubes with dimensions resembling those of the ZnO template. However, 
the walls of the tubes still contained Zn related impurities. Based on experimental observations 
the following formation mechanism of anatase-phase TiO2 tubes was discussed: once the ZnO 
rod templates are immersed in an aqueous mixture of (NH4)2TiF6 and H3BO3, the production 
of titanium hydroxide complexes on ZnO surfaces takes place through two competing 
processes: development of a Ti-based material on the surface of ZnO rod templates, and ZnO 
partial dissolution along the c-axis first. Upon a 1 hour calcination at 550 oC in air, TiO2 tubes 
are developed on FTO-coated glass substrates from deposited Ti-based materials. 
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5. DEVELOPMENT OF MIXED RUTILE-ANATASE-PHASE TITANIUM 
DIOXIDE NANOSTRUCTURED FILMS 
 
In this chapter, experiments aimed at decorating rutile-phase TiO2 prismatic nanorods on FTO-
coated substrates (detail of which were presented in chapter 3), by anatase TiO2 are presented. 
The rods were grown for only 6 hours, using the hydrothermal method. In chapter 3 it was 
reported that after 20 hours of hydrothermal growth, the bundles of TiO2 that formed on the 
FTO are highly oriented with respect to the substrate surface. Since the main purpose in this 
chapter is to investigate the decoration process, the orientation of the rutile-phase TiO2 rods 
with respect to the substrate was of less importance. In section 5.1, the experimental details are 
presented, while in section 5.2 the results are presented and discussed. The chapter is concluded 
with a short summary in section 5.3.  
 
5.1 Experimental details  
 
The as-prepared rods were decorated with anatase-phase TiO2 using an aqueous solution of 
ammonium hexafluorotitanate ((NH4)2TiF6) and boric acid (H3BO3). The 100 ml Teflon-lined 
autoclave described in chapter 2 (Figure 2-1) was used for this process. In addition, for the sake 
of optimising the decoration process, different times and molar concentrations of (NH4)2TiF6 
and H3BO3 were tried, as described in Table 5-1.  
 
Table 5-1. Growth times and molar concentrations of boric acid, H3BO3, and ammonium hexafluorotitanate, 
(NH4)2TiF6. 
 
Experiment 
Volume 
(ml) 
[(𝐍𝐇𝟒)𝟐𝐓𝐢𝐅𝟔]  
(mM) 
[H3BO3]  
(mM) 
Growth times 
(hours) 
1 
90 
 
24 
56 
1,3, 6, and 12 
2 15 6 
3 5 6 
4 24 37 6 
 
In the discussion that follows, the time of the experiments is referred to as the decoration time. 
In a typical decoration experiment, an FTO-coated glass substrate covered with rods was 
inserted into the grooves of the sample holder (Figure 2-1(a)) already seated at the bottom of 
the Teflon container (Figure 2-1(b)). The substrate was placed at an angle of between 45 and 
90 against the wall of Teflon container. The surface with the rutile-phase TiO2 rods faced 
downwards. A 90 ml aqueous solution made of DI water, ammonium hexafluorotitanate and 
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boric acid was stirred at room temperature and atmospheric pressure for 10 minutes in a beaker. 
This was poured into the Teflon container (Figure 2-1(b)) and the autoclave was then placed in 
an oven pre-heated to150 C. The decoration was conducted at this high temperature in order 
to promote maximal dissociation of boric acid in water.  
 
Figure 5-1 shows the effect of temperature on the water solubility and the dissociation constant 
Ka of boric acid. It is seen that Ka increases with an increase in water temperature, i.e. as the 
temperature increases, the faster the boric acid dissociates in water, according to (5.1): 
 
 H3BO3 + H2O  ⟶ ⏟
150 ℃
B(OH)4
− + H+  (5.1) 
 
After each deposition, the autoclave was cooled to room temperature in a water bath for 
approximately 30 minutes. Once cooled, the samples were removed from the bath, rinsed with 
deionised water and blown dry with N2. In addition, after the 12 hour decoration experiment, 
the precipitate was collected in a clean beaker, filtered and left to dry under ambient conditions. 
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Figure 5-1. Effect of the temperature on water solubility and the first dissociation constant Ka of boric acid (after 
Kemp [123]).  
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5.2 Results and discussion 
 
5.2.1 Effect of decoration time 
 
The XRD pattern in Figure 5-2 shows the crystal phases of the precipitate that formed during 
Experiment 1 (90 ml aqueous solution; 24 mM hexafluorotitanate; 56 mM boric acid; 12 
hours). It can be seen that at 150 C, a powder made of anatase-phase TiO2 precipitated. 
Another unidentified phase (XRD peaks identified by *) is also observed.  
 
20 30 40 50 60
*
*
(204)
(213)
(211)
(105)
(200)
(112)
(004)
(103)
  Precitate from the decoration
           experiment
 
2
(101)
 
Figure 5-2. XRD pattern of the precipitate collected at the end of Experiment 1, described in Table 5-1. The 
decoration time was 12 hours. Inserted in red is a powder diffraction pattern of anatase-phase TiO2 (PDF TiO2 
00-021-1272). The concentrations of precursors used in a total mixture volume of 90 ml were 24 mM 
(NH
4
)
2
TiF
6
 and 56 mM H
3
BO
3
. 
 
Figure 5-3 shows XRD patterns of mixed rutile- and anatase-phase TiO2 structures. These are 
results from Experiment 1 described in Table 5-1. Rutile-phase TiO2 rods were decorated at 
150 C for 1, 3, 6, and 12 hours in 90 ml made of 24 mM ammonium hexafluorotitanate and  
56 mM boric acid. Anatase phase diffraction peaks are absent in the spectrum of the 
undecorated sample. Furthermore, the decoration times that led to the production of a 
significant quantity of anatase-phase TiO2 structures, detectable by our XRD system, was 
between 3 and 12 hours.  
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Figure 5-3. XRD patterns for rutile-phase TiO2 decorated by the anatase-phase of TiO2 hydrothermally at 150 oC 
for reaction times of 1, 3, 6 and 12 hours. Powder diffraction pattern for rutile-phase in blue (PDF TiO2 00-021-
1276 ) and anatase-phase in red (PDF TiO2 00-021-1272) TiO2 are added as reference, blue and red bars, 
respectively.  
 
Figure 5-4 shows typical low magnification (a – b) top and (c) cross-sectional view SEM 
micrographs of rutile-phase TiO2 rods grown using the hydrothermal method for 6 hours. It is 
clear that the entire surface is uniformly covered with TiO2 rods. In addition, there are 
overgrowths of TiO2 rods that look like flowers (see Figure 5-4(a)) and that are non-uniformly 
distributed across the sample. These flower-like structures were closely imaged for a better 
understanding of the decoration process. The cross-sectional view shows that these rods have 
an average height of ~893 nm. 
 
Figure 5-5 shows low magnification top view (a, c, e, g) and cross-sectional view (b, d, f, h) 
SEM micrographs of decorated rutile-phase TiO2 rods grown using the hydrothermal method 
at 150 C for 3, 6 and 12 hours. The samples imaged in Figure 5-5 are the same structures 
analysed by XRD in Figure 5-3. The cross-section for each sample is shown to further clarify 
the morphology of the newly formed structures. From Figure 5-5(a, c, e, g), the decorated TiO2 
rods are highly surface textured – this is evident already after a 1 hour decoration. This is 
surprising, because no anatase material could be detected by the XRD analysis (red spectrum 
Figure 5-3). Hence, it is understood that the anatase crystallites developed in too small a 
quantity during the 1 hour decoration to be detected by XRD. Most importantly, it is observed 
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that the anatase phase grew directly on top of the rutile-phase TiO2 rods. The cross-sectional 
views in Figure 5-3 (b, d, f, h) reveal that the decoration process also occurred on the lateral 
surfaces of the rutile-phase TiO2 rods. For a detailed morphological analysis, the results of the 
decoration experiments are discussed for the flower-like rutile-phase TiO2 rods as a function 
of decoration time below. 
 
 
Figure 5-4. Typical low magnification (a – b) top and (c) cross-sectional view SEM micrographs of rutile-phase 
TiO2 grown for 6 hours.  
 
As-grown TiO2 rods grown 
for 6 h 
1 µm (b) 
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Figure 5-5. Low magnification top view (a, c, e, g) and side view (b, d, f, h) SEM micrographs of rutile-phase 
TiO2 rods decorated in anatase TiO2 using the hydrothermal method at 150 C for different times. The 
concentrations of the precursors are indicated above the micrographs. 
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Figure 5-6. Low magnification top view SEM micrographs of rutile-phase TiO2 rods decorated in anatase TiO2 
at 150 C for (a) 1 hour, (b) 3 hours, (c) 6 hours and (d) 12 hours. The concentrations of the precursors are 
indicated above the micrographs. 
 
Figure 5-6 shows low magnification top view SEM micrographs of flower-like rutile-phase 
TiO2 rods after decoration for (a) 1 hour, (b) 3 hours, (c) 6 hours and (d) 12 hours. These images 
were obtained using the same samples illustrated in Figure 5-5. It is worth mentioning that due 
to differences in the depth of field in the micrographs presented in Figure 5-6 the dimensions 
of the decorating particles on the rods were not investigated as a function of decoration time. 
The average sizes were estimated only from samples decorated for 6 hours (data to be discussed 
later), and this is shown in Figure 5-7. It can be seen from the micrographs presented in Figure 
5-5 that decoration times between 1 hour and 3 hours led to partly decorated rods, compared to 
those decorated for 6 hours and 12 hours. Specifically, as the decoration time increases beyond 
3 hours, the anatase-phase TiO2 particles became more closely packed on the rods. 
 
Figure 5-7 shows a high magnification SEM micrograph of the particles decorating an isolated 
rutile-phase TiO2 rod. Figure 5-7 is used as a case study to closely investigate the morphology 
1 µm 
1 µm 
1 µm (a) (b) 
(c) 
1 h 3 h 
6 h 
Rutile TiO2 rods decorated in hot 90 ml aqueous solution 
containing 24 mM of (NH4)2TiF6 and 56 mM H3BO3  
 
1 µm 
12 h 
(d) 
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of anatase-phase particles of TiO2. It is seen that the decorating structures are less than 100 nm 
in size. Hence, it can be speculated that the particles developed for less than 6 hours are smaller 
than these. Furthermore, it is understood that the growth of the anatase-phase material takes 
place on all lateral surfaces, as long as they are exposed to the aqueous decorating solution. 
Consequently, the surfaces of rutile-phase TiO2 constitute nucleation sites for anatase-phase 
TiO2.  
 
 
Figure 5-7. Typical high magnification SEM micrograph showing the decorating anatase TiO2 particles on an 
isolated rutile-phase TiO2 rod. 
 
5.2.2 Effect of concentrations of precursors 
 
The role of precursor concentration on the decoration process was investigated by varying the 
concentrations of boric acid and ammonium hexafluorotitanate (see Table 5-1, Experiment 1 
to 4). To begin with, the boric acid concentration was kept at 56 mM in 90 ml of DI water, 
while the ammonium hexafluorotitanate concentrations were first kept at 15 mM (Table 5-1, 
Experiment 2) and then at 5 mM (Table 5-1, Experiment 3). The corresponding experimental 
results are shown in Figure 5-8. Finally, the ammonium hexafluorotitanate concentration was 
increased to 24 mM while the boric acid concentration was reduced to 37 mM (Table 5-1, 
Experiment 4). These results are presented in Figure 5-9. XRD analysis are presented in Figure 
5-10. 
 
It is observed in Figure 5-8 that after 6 hours of hydrothermal treatment at 150 C in 90 ml 
aqueous solution having either a 5 mM or 15 mM concentration of ammonium 
hexafluorotitanate, the rods were not decorated with anatase particles as previously shown in 
40.8 nm 
50.4 nm 
70.8 nm 
207 nm 
100 nm 
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Figure 5-5 (c, d). Likewise, it is clear from Figure 5-9(a) that the rods were also undecorated 
when the boric acid concentration was lowered from 56 to 37 mM. The effect was that anatase 
particles grew only on top of few rutile-phase TiO2 rods than on their lateral surfaces, as seen 
in Figure 5-9(b). This is highlighted in red in Figure 5-9(b), where stone-like structures grew 
on top of a few rods.  
 
 
Figure 5-8. Low magnification inclined view SEM micrographs of rutile-phase TiO2 rods decorated using the 
hydrothermal method at 150 C for 6 hours. The boric acid was kept to 56 mM in 90 ml of DI water, while the 
ammonium hexafluorotitanate concentrations were (a) 5 mM and (b) 15 mM.  
 
 
Figure 5-9. Low magnification inclined view SEM micrographs of rutile-phase TiO2 rods decorated using the 
hydrothermal method at 150 C for 6 hours. Ammonium hexafluorotitanate was kept to 24 mM in 90 ml of DI 
water while boric acid concentrations were (a) 37 mM and (b) 56 mM. 
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Figure 5-10. XRD patterns of decorated rutile-phase TiO2 rods presented in (a) Figure 5-8 and (b) Figure 5-9. 
Concentrations are indicated on the graphs. Powder diffraction patterns for rutile-phase in blue (PDF TiO2 00-
021-1276 ) and anatase-phase in red (PDF TiO2 00-021-1272) TiO2 are added as references, and are the blue and 
red bars, respectively.  
 
Figure 5-10 shows XRD patterns for the four samples. The XRD patterns in Figure 5-10(a) 
shows that a reduction in the ammonium hexafluorotitanate concentration from 24 to 5 mM 
did not lead to the development of anatase-phase TiO2 on the rods, as observed in Figure 5-8. 
A reduction in the boric acid concentration, however, as shown in Figure 5-10(b) did lead to 
the development of anatase-phase TiO2 (compare Figure 5-9), which are some of the observed 
stone-like structures in Figure 5-9(b) developed on top of rutile-phase TiO2.  
 
The above observations revealed that concentrations of 24 mM and 56 mM in 90 ml of DI for 
ammonium hexafluorotitanate and boric acid, respectively, led to partly decorated rutile-phase 
TiO2. These concentrations guarantee a uniform decoration process. In addition, the only 
efficient way to control the decoration of rutile-phase TiO2 rods hydrothermally using the 
precursors used in this work, is by controlling the decoration time.  
 
 
 
(a)  
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5.2.3 Proposed formation mechanism of decorated rutile-phase TiO2  
 
The production of anatase TiO2 precipitates and particles on rutile-phase TiO2 rods is 
considered to proceed through reactions (4.1) to (4.9) discussed in chapter 4, and listed again 
below. There is a slight difference, however, in that there is no calcination step involved. More 
details on equations (4.1) to (4.3) are found in chapter 4. When the aqueous decorating solution 
is heated to 150 C, the following reactions take place:  
H2O  ⇄ ⏟
150 ℃
H+ + OH− (4.2) 
H3BO3 + H2O  ⇄ ⏟
150 ℃
B(OH)4
− + H+  (4.3) 
(NH4)2TiF6  ⇄ ⏟
150 ℃
2NH4
++ TiF6
2−  (4.4) 
{
TiF6
2−
+ 2H2O  ⇄ ⏟
150 ℃
TiO2 ↓ +4H
+ + 6F− 
TiF6
2−  → ⏞
nOH−
TiF6−n
2− + nF−  → ⏞
(6−n)OH−
Ti(OH)6
2−
+ 6F−
 
 
(4.5) 
{
H3BO3 + 4H
+ + 4F− ⟶ BF4
− + H3O
+ + 2H2O
B(OH)4
−  → ⏞
nF−
B(OH)4−n
− + nOH−  → ⏞
(4−n)F−
BF4
− + 4F−
 
(4.6) 
 
F−+ H3O
+ ⇌ HF + H2O  (4.7) 
 
The reaction represented by equation (4.5) generally does not go to completion, even to the 
extent of the replacement of fluoride ions with hydroxyl ions [44]. However, based on the 
evidence of TiO2 synthesis presented in Figure 5-2 and Figure 5-3, fluorinated titanium 
complex ions (TiF6
2−) gradually change into titanium hydroxide complex ions in the aqueous 
solution, as per equation (4.6). The reason for this is the high concentration of boron-based 
species in the solution as the water temperature increases. Boron is a hard Lewis acid centre 
(see Table 4.3) and always prefers to bond to the hardest Lewis base present in the solution, 
i.e. F−(see Table 4.3). As a result, the boron in B(OH)4
− in equation (4.6) will replace the 
relatively softer Lewis base O and bond to F−, acting as a fluoride scavenger. Hence, TiF6
2− 
will be forced to release F−, shifting the reaction represented by equation (4.5) to the right. As 
result, on one hand, anatase-phase TiO2 precipitates in the decorating solution, and on the other 
hand particles of anatase-phase TiO2 nucleate on surfaces of rutile-phase TiO2 bundles of rods.  
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5.3 Summary 
 
Rutile-phase TiO2 rods, partly decorated with anatase nanoparticles, have been successfully 
prepared on FTO-coated glass. The precursors used for decoration were ammonium 
hexafluorotitanate and boric acid. The effect of reaction time and concentrations of precursors 
were investigated. It was found that the ratios between ammonium hexafluorotitanate and boric 
acid concentrations, as well as the reaction time, play key roles in controlling the decoration 
process. It was observed that after 6 hours of hydrothermal treatment at 150 C in 90 ml 
aqueous solution having either a 5 mM or 15 mM concentration of ammonium 
hexafluorotitanate, the rods were not decorated with anatase particles. Likewise, the rods were 
also undecorated when the boric acid concentration was lowered from 56 to 37 mM. The effect 
was that anatase particles grew only top of few rutile-phase TiO2 rods than on lateral surfaces. 
But, concentrations of 24 mM ammonium hexafluorotitanate and 56 mM boric acid in 90 ml 
of DI water led to partly decorated rutile-phase TiO2. It was found that the precursor 
concentration ratio and reaction time played key roles in controlling the decoration process. 
Optimal ratios and decoration times were established. Optimal ratios and decoration times were 
established based on the density of anatase-phase TiO2 decorating particles on the surface of 
rutile-phase TiO2 rods; and it was found that the best decoration time is between 1 and 3 hours.  
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6. OPTICAL STUDIES OF TITANIUM DIOXIDE PREPARED ON FLUORINE 
DOPED TIN OXIDE-COATED GLASS SUBSTRATE  
 
Methods for determining the optical properties, such as the band gap, of two, three and four-
media structure thin film semiconductors, were successfully developed previously [65, 89, 
124–127]. For instance, Sreemany et al. [127] proposed a simple spectrophotometric method 
for the determination of optical constants and band gap energy of multiple layers of TiO2 thin 
films. The application of the methods developed for two-media structures on a three-media 
structure thin film made of rods or tubes of TiO2, F:SnO2 (thin layer), and a glass substrate, is 
worth investigating. The fact that the top layer in this case cannot be considered as a thin layer, 
makes the study even more interesting. Therefore, an investigation of the optical properties of 
as-grown rutile-phase TiO2 rods, using the method proposed by Sreemany et al. [127], is 
reported.  
 
However, it is worth mentioning that in this chapter only FTO-coated glass as well as TiO2 
material on these substrates will be considered in the fabrication of transparent electrodes for 
photo-electrochemical hydrogen production. FTO-coated glass has low surface resistivity, high 
optical transmittance, is scratch and abrasion resistant, is thermally stable even at high 
temperatures, and is inert to a wide range of chemicals as already mentioned in one of the 
previous chapters.  
 
In section 6.1 theoretical considerations (determination of refractive index n(), film thickness 
and band gap energy (Eg)) are presented, while in section 6.2 the results are presented and 
discussed. The chapter is concluded with a short summary in section 6.3.  
 
6.1 Theoretical considerations: determination of refractive index n(), film thickness 
and band gap energy (Eg) 
 
F:SnO2 and TiO2 are transparent semiconductors. Hence, in the form of a film on a substrate, 
they can be modelled as transparent homogeneous films of uniform thickness d and refractive 
index n (λ), bound on either side by two semi-infinite non-absorbing layers with refractive 
indices 𝐧𝟎 and 𝐧𝟐 [89, 127]. Reflectance (R) and transmittance (T) of the film, for a parallel 
beam of light of unit amplitude and wavelength λ at normal incidence, are given by[89, 127]: 
 
R = (r1
2 + 2r1r2cos2δ1 + r2
2 )/(1 + 2r1r2cos2δ1 + r1
2r2
2 ) (6.1) 
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T = (n2/n0) [(t1
2 t2
2)/(1 + 2r1r2cos2δ1 + r1
2r2
2 )]  (6.2) 
 
 
where 
𝛿1 = 𝑛𝑑 (
2𝜋
𝜆
)  (6.3) 
𝑡1 = (2𝑛0)/(𝑛0 + 𝑛) (6.4) 
𝑡2 = 2𝑛/(𝑛2 + 𝑛) (6.5) 
𝑟1 = (𝑛0 − 𝑛)/(𝑛0 + 𝑛)  (6.6) 
𝑟2 = (𝑛 − 𝑛2)/(𝑛2 + 𝑛) (6.7) 
 
At normal incidence, values of Rmin, Rmax, Tmin, and Tmax are derived from equations (6.1) and 
(6.2) as follows: 
 
𝑅𝑚𝑖𝑛 = ((𝑛0 − 𝑛2)/(𝑛0 + 𝑛2))
2 (6.8) 
𝑅𝑚𝑎𝑥 = ((𝑛
2 − 𝑛0𝑛2)/(𝑛
2 + 𝑛0𝑛2))
2 (6.9) 
𝑇𝑚𝑖𝑛 = (4𝑛0𝑛
2𝑛2)/(𝑛0𝑛2 + 𝑛
2)2  (6.10) 
𝑇𝑚𝑎𝑥 = (4𝑛0𝑛2)/(𝑛0 + 𝑛2)
2 (6.11) 
 
From equations (6.9) and (6.10), the refractive index as a function of wavelength can be 
determined. From two consecutive extrema (minima or maxima) of wavelengths λ1 and λ2, 
respectively, the thickness d of a transparent homogeneous film of uniform thickness can be 
determined [124]: 
 
d = (1 2⁄ ){ (λ1λ2) [(n2λ2) − (n1λ1)]⁄ } (6.12) 
 
where n1 and n2 are the refractive indexes of materials 1 and 2 at wavelength λ1 and λ2, 
respectively. 
 
Near the absorption edge, the absorption coefficient α is related to the energy hν of the incident 
photons by the following relation (from the Tauc-Lorentz model) [125]: 
 
α = [B (hν − Eg)
p
/hν]  (6.13) 
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where B is a constant, Eg is the band gap and p is an index that characterises the optical 
absorption process. p is theoretically equal to 1/2, 2, 3/2 or 3 for direct allowed, indirect 
allowed, direct forbidden and indirect forbidden transitions, respectively. 
 
6.2 Results and discussion 
 
In this section, method for determining optical properties as described were applied to Rutile-
phase rods made of bundles of single-crystal rutile-phase TiO2 prismatic nanorods. In the 
present study, the value of p of equation (6.13) is taken as 2 because SnO2 and rutile-phase 
TiO2 are indirect allowed semiconductors [127–128]. Since in chapter 3, it was observed that 
rods prepared after 20 hours were perpendicular to the substrate, that the sample we investigate 
in order to evaluate if these methods can be applied to three media: well-aligned TiO2 
rods/F:SnO2/glass substrate as well.  
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Figure 6-1. (a) FTIR reflectance and transmittance of FTO-coated glass substrate. Extrema numbering follows 
the method explained in [129]. (b) Variation of refractive index n(λ) for the F:SnO2 on the glass substrate. 
Indices were calculated using eq. (6.9). 
 
Figure 6-1 shows (a) FTIR reflectance spectrum of FTO-coated glass substrate (as-received), 
far from the absorption edge of SnO2 (3.6 eV)
 [129]. The reflectance spectrum was measured 
from 400 to 1000 nm. The calculated index of refraction (n(λ)) of F:SnO2 is given in Figure 
(a) (b) 
111 
 
6-1(b). The spectrum in Figure 6-1(a) shows a series of reflectance maxima (and minima) of 
different orders (m = 1, 2, 3 . . .). The method used to label these extrema is explained in Refs. 
[127] and [130]. 
 
Analysis of these extrema in the reflectance spectrum allowed for the determination of the 
thickness of the FTO layer, as discussed below. Note that in the wavelength range of interest 
(~600 to 1000 nm), the attenuation caused by absorption of incident light by the conductive 
SnO2 can be neglected [130–131]. In fact, Pan et al. [65] reported that the extinction 
coefficients of SnO2 (or absorption index) are close to zero for the range of wavelengths 
between 350 nm and 1000 nm. The reflectance data used to determine the refractive index 
(n(λ)) of the FTO on glass, were also taken from this region (~600 to 1000 nm). Eq. (6.9) was 
used to determine n(λ) from the wavelengths of the reflectance maxima shown in Figure 6-1(a), 
using the refractive indices for air, n0 = 1, and glass, n2 = 1.515 [127, 131]. The refractive 
indices for FTO given in Figure 6-1(b) range between ~1.7 and ~2.2. These values agree 
reasonably well with values between 2.0 and 2.1 reported by Atay et al. [132]. The calculated 
thickness of the SnO2 film is d ≅ 569 nm. This value is comparable to the thickness of FTO 
of ~640 nm estimated from cross sectional SEM micrographs conducted in chapter 3 section 
3.1.  
 
Figure 6-2 shows (a) the transmittance spectrum of an FTO-coated glass substrate near the 
band edge, and (b) the corresponding Tauc plot ((αhγ)1 2⁄  versus photon energy (hν)). The 
straight-line section in Figure 6-2(b) follows the relation (αhν)1/2 ≈ (hν − Eg). From an 
extrapolation to the energy axis, a room temperature band gap value of Eg=3.56 eV was 
obtained. This absorption edge is close to the value of 3.6 eV reported for SnO2 epitaxial thin 
films [129]. 
 
Figure 6-3 shows reflectance of as-grown rutile-phase TiO2 rods hydrothermally on an FTO-
coated glass substrate at 150 C. This figure is given for the determination of the thickness of 
the TiO2 rods on FTO-coated glass substrate to be compared with SEM results discussed in 
chapter 3. By analysing the fringes (extrema) in the reflectance spectrum (Figure 6-3(b)), the 
thickness of TiO2 was determined as follows: the refractive indices of TiO2 as estimated by 
Devore [126] were used to determine the layer thickness, since the theoretical model described 
earlier for a three-medium system (air-thin film-substrate) does not apply to a four-medium 
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system (air-thin film-thin film-substrate). From the reflectance fringes, the thickness of the 
TiO2 layer was estimated to be d = 4.2 µm.  
 
Figure 6-2. (a) Transmittance spectrum of F:SnO2-coated glass substrate near the band edge, and (b) Tauc plot 
(αhγ)1 2⁄  versus energy (hν) for FTO on glass. 
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Figure 6-3. Reflectance of as-grown rutile-phase TiO2 rods by hydrothermal method for 20 hours. 
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Figure 6-4. (a) Transmittance spectrum of rutile-phase TiO2 nanorods on F:SnO2 glass substrate near the band 
edge, and (b) the corresponding (𝛼ℎ𝛾)1 2⁄  versus energy (hν) plot. 
 
Figure 6-4(a) shows transmittance spectrum of rutile-phase TiO2 nanorods on F:SnO2 glass 
substrate near the band edge, and (b) the corresponding (αhγ)1 2⁄  versus energy (hν) plot. The 
straight-line section in Figure 6-4(b) follow the relation(αhν)1/2 ≈ (hν − Eg). From an 
extrapolation to the energy axis done in Figure 6-4, a room temperature band gap value Eg=2.90 
eV was obtained for rutile-phase TiO2 nanorods on F:SnO2 glass substrate. This absorption 
edge is equal to the value of 3.0 eV previously reported for TiO2 [8, 65], despite the FTO buffer 
layer below the TiO2 layer.  
 
6.3 Conclusion 
 
The methods used to determine the optical properties of two-medium thin film semiconductors 
structures were successfully applied to the following three-medium structure: vertically well-
aligned rods of TiO2 on F:SnO2 conductive thin film (569 nm thick) on a glass substrate. The 
thickness of the TiO2 layer was estimated, using reflectance fringes, to be d=4.2 µm, which 
agrees well with the length of rods observed using SEM. The room temperature absorption 
edge Eg=2.90 eV was obtained for the top layer made of TiO2 rods, which is the typical 
absorption edge value reported for TiO2. The room temperature absorption edge of the 
conductive layer F:SnO2 was also calculated and found to be Eg=3.56 eV. A summary of these 
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results obtained from the application of methods developed for optical properties determination 
of thin films on TiO2 rods/F:SnO2/glass substrate three-media structure is given in Figure 6-5. 
Therefore, the method for determining the optical properties, such as the band gap, of two, 
three and four-medium thin film semiconductor structures as summarised by Sreemany et al. 
[127].
 
Figure 6-5. Summarized results obtained from the application of methods developed for optical properties 
determination of thin films on TiO2 rods/F:SnO2/glass substrate three-media structure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
• Bundles of single-crystal rutile-
phase TiO
2
 thickness: 4.2 µm 
• Eg = 2.90 eV  
• SnO
2
 film thickness :569 nm 
• Refractive index of ~1.7 - ~2.2 
• Eg = 3.56 eV 
•  
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7. TUNING THE OPTICAL PROPERTIES OF TITANIUM DIOXIDE 
 
This chapter presents an investigation of the effects of annealing in hydrogen and nitrogen 
flows on the optical properties of the rutile-phase TiO2 prismatic nanorods on FTO-coated glass 
discussed in chapter 3. The strategy adopted to obtain hydrogenated and nitrogen-treated rutile-
phase TiO2 in order to study the corresponding effects on the structural and optical properties, 
was based on controlling the annealing conditions, such as flow rate and anneal time. In section 
7.1, the experimental details are presented, while in section 7.2 the effects on the structural and 
optical properties produced by these reducing experiments are presented and discussed.  
 
7.1 Experimental details 
 
Previous reports have shown that the optimal temperature to reduce TiO2 is 600 C [15]. At 
this temperature, TiO2 can be reduced drastically to the point of being destroyed. For this 
reason, the temperature was kept at 600 C for this investigation. A reducing gas (H2) was 
transported to the horizontal quartz reactor at the following flow rates: 0.25 standard liters per 
minute (SLM), 0.5 SLM and 5 SLM. Nitrogen gas was also used under the same experimental 
conditions. After annealing, the temperature of the reactor was reduced to room temperature 
while the reactor was purged with either H2 or N2 for 300 s to allow the samples and susceptor 
to cool down. In the discussion that follows, these experiments will be referred to as reducing 
experiments and the anneal time will be referred to as reducing time. Table 7-1 summarises the 
nomenclature used to label the samples prepared as described above. X represents one of the 
gases used: H2 or N2. In the following sections, the samples will be referred to by these names.  
 
Table 7-1. Names of samples treated in different gas flows at 600 oC. 
Annealing 
temperature 
Annealing 
time 
Hydrogen flow rate Name of the sample 
- - As- rutile-phase TiO2 rods  As-grown TiO2 rods 
600 oC 
5 minutes 
0.25 SLM 0.25 SLM_5 min_X 
0.5 SLM 0.5 SLM_5 min_X 
5 SLM 5 SLM_5 min_X 
60 minutes 5 SLM 5 SLM_60 min_X 
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7.2  Results and discussion 
 
Figure 7-1 shows cross-sectional SEM micrographs of the rutile-phase TiO2 control samples, 
grown on FTO-coated glass substrates for (a) 6 hours and (b) 20 hours. These micrographs 
have already been discussed in previous chapters. They are included in this section as 
references in terms of rod density and smoothness.  
 
 
Figure 7-1. Typical cross-sectional SEM micrographs of rutile-phase TiO2 grown on FTO-coated glass 
substrates for (a) 6 hours and (b) 20 hours. 
 
The rods prepared for 6 hours have a length of ~893 nm, while those prepared for 20 hours 
have a length of ~4.2 µm. It is clear from Figure 7-1 (a) that after 6 hours of growth, TiO2 
nanorods grew sparsely across the substrate. This sample was hydrogenated because it was 
assumed that each individual rod would be exposed to the reducing environment. Figure 7-1 
(b), however, shows that after 20 hours of growth, a very dense layer of TiO2 nanorods was 
formed on the substrate.  
 
7.2.1 Reduced rutile-phase TiO2 rods 
 
Figure 7-2 (a) shows XRD patterns for TiO2 rods annealed at 600 C for 5 minutes, as a function 
of the hydrogen flow rate. Figure 7-2(b) shows the XRD patterns of the rods as function of 
reducing time, with the hydrogen rate flow fixed at 5 SLM. New peaks are observed at 2θ = 
30.5 and 2θ = 32.0 (see peaks identified by red stars in Figure 7-2(a)). As the hydrogen flow 
rate decreases, the intensity of these new XRD peaks decreased and they are absent for the 
sample treated in a flow of 0.25 SLM hydrogen.  
 
1 µm 2 µm 
As-grown rutile-phase TiO2 - 6 h As-grown rutile-phase TiO2 - 20 h 
(a) (b) 
Glass 
FTO 
Glass 
FTO 
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Figure 7-2. (a) XRD patterns of samples annealed for 5 minutes in hydrogen as a function of hydrogen flow rate 
(b) XRD patterns as a function of anneal time in 5 SLM hydrogen. The powder diffraction patterns for rutile-
phase in black (PDF TiO2 00-021-1276 ) and brookite-phase in blue (PDF TiO2 00-029-1360) TiO2 are shown as 
references. 
 
It can be seen from Figure 7-2(b) that as the annealing time was increased, the intensities of 
the two new XRD peaks observed in Figure 7-2(a) (at 2θ = 30.5 and 2θ = 32.0) were 
enhanced, while the intensities of the rutile-phase TiO2 XRD peaks (2θ = 36.1 (101) and 2θ = 
62.8 (002)) and of the FTO (e.g. 2θ = 26.5 (110), 2θ = 33.8) were drastically decreased in 
comparison. The XRD peak at 2θ = 30.5 cannot be ascribed to diffraction from the brookite-
phase (121) plane [133] due to the absence of the (120) and (111) XRD peaks expected at 2θ 
= 25.34 and 2θ = 25.69, respectively, as seen in Figure 7-2(b) [133]. Phase transformation 
from rutile-phase TiO2 to brookite-phase TiO2 is unlikely to happen. For instance, Dachille et 
al. [134] investigated structural changes in rutile-phase TiO2 at temperatures ranging from  25 
C to 800 C at pressures of up to 100 kBar. The duration of their experiments ranged from 1 
to 30 days. It was found that, despite the use of oscillating shearing stresses and very long 
experiment times, no transitions to other phases were observed in rutile-phase TiO2. However, 
the peaks at 2θ = 30.5o and 2θ = 32.0 in Figure 7-2(b) may be attributed to Sn metal [135]. 
These two XRD peaks increased when FTO was completely destroyed (see the black line 
Figure 7-2(b)) indicating that the hydrogen treatment at high flow rate damaged the FTO 
conducting layer as well by reducing SnO2 to Sn metal. This observation agrees with Wang et 
al. [135] who annealed a sample of TiO2 nanowires on FTO-coated glass sequentially in a 
(a) 
 
(b) 
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hydrogen atmosphere at temperatures ranging from 200 to 550 oC: the reduction of SnO2 to Sn 
was observed when the TiO2 nanowires were annealed in hydrogen environment at 500 
oC for 
30 minutes. 
  
Annealing TiO2 at high temperatures (≥800 oC) generally leads to the expansion of the lattice 
parameters and volume [136]. It is expected, therefore, that during the reducing experiment at 
600 C, hydrogen molecules interact with vibrating O-bound Ti atoms from the TiO2 lattice to 
form water molecules. This phenomenon is likely to occur because the energy gained by the 
TiO2 lattice (heat) has to be released. As a consequence, oxygen vacancy-related defects (point 
defects or clusters or complexes) are created inside or on the surface of the rods. Moreover, it 
can be speculated that the longer the reducing experiment lasts, the greater the density of 
oxygen vacancies created in the lattice of rutile-phase TiO2, leading to a distorted or nearly 
destroyed rutile-phase TiO2 lattice, as seen in Figure 7-2(b) (follow changes in XRD peaks’ 
intensities related to Rutile-phase TiO2).  
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Figure 7-3. Transmission spectra obtained in the (a, b) UV-visible wavelength region (250 – 500 nm) of the 
rutile-phase TiO2 rods discussed in Figure 7-2. The anneal times (in minutes) and hydrogen flow rates are 
indicated. 
 
Further information on the optical properties (most importantly in the UV wavelength region) 
of hydrogenated rutile-phase prismatic rods of TiO2 was obtained by UV spectroscopy. Note 
that the 5 SLM_60 min_H2 sample was not characterised further as TiO2 was completely etched 
(a) 
 
(b) 
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away during reduction of the film. Transmission spectra are presented in Figure 7-3. Spectra 
collected in the UV wavelength region (250 – 500 nm) are shown in Figure 7-3(a, b). Figure 
7-3(b) shows in greater detail the spectra that overlapped in Figure 7-3(a). Figure 7-3(a) shows 
that upon annealing of the TiO2 rods at 600 C for 5 minutes in hydrogen at flow rates of 0.25 
SLM (blue line), 0.5 (green line) and 5 SLM (pink line) an increased amount of the incident 
visible light was absorbed. Also, it is seen in Figure 7-3(b) that annealing in a 0.25 SLM flow 
of hydrogen resulted in a red shift of the absorption edge.  
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Figure 7-4. (a) XRD patterns as function of nitrogen flow rates of annealed TiO2. The powder diffraction pattern 
for rutile-phase TiO2 (PDF TiO2 00-021-1276) is indicated by vertical lines. (b) Transmission spectra in the UV-
visible wavelength region (250 – 450 nm) of rutile-phase TiO2 rods annealed in either hydrogen or nitrogen for 
5 minutes.  
 
A different gas – nitrogen – was run through the reactor at flow rates of 0.25 SLM and 0.5 
SLM. These flow rates were chosen as they have been shown to cause less structural damage 
in the material (see Figure 7-2). Figure 7-4(a) shows XRD patterns of rutile-phase TiO2 rods 
annealed at 600 C for 5 min as a function of nitrogen flow rate. The black line represents a 
flow rate of 0.5 SLM and the red line a rate of 0.25 SLM. The XRD patterns show the same 
new XRD peaks (identified with a red *) as observed in Figure 7-2 (at 2θ = 30.5 and 2θ = 
32.0). This observation suggests that identified peaks with a red * in Figure 7-2 and Figure 
7-4(a) are not the result of any chemical reactions of H2 or N2 molecules and TiO2. As suggested 
above, these XRD peaks originate from metallic Sn [135]. Figure 7-4(b) shows transmission 
(a) 
 
(b) 
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spectra of nitrogen-treated rutile-phase TiO2 rods at flow rates of 0.25 (blue line) and 0.5 SLM 
(pink line) as measured in the UV-Visible wavelength region (250 – 500 nm). The transmission 
spectra of the hydrogenated TiO2 rods discussed in Figure 7-3 have been re-potted for 
comparison. It is seen that upon annealing of the TiO2 rods at 600 C for 5 min in nitrogen at 
flow rates of 0.25 SLM (blue line) and 0.5 (pink line), the absorption of visible light increased. 
Therefore, it is suggested that the observed changes in the optical properties of reduced-rutile-
phase TiO2 rods were caused by defects created by the reactions of H2 or N2 and the TiO2. 
 
The changes observed in the band gap of rutile-phase TiO2 rods suggest that annealing in a 
hydrogen or nitrogen environment at 600 C induces defects or disorder at and near the surface 
layers of the rods. These defects may induce electronic states in the band gap. First-principles 
spin-polarised calculations on the reduced and reconstructed TiO2 (110) surface, as discussed 
in chapter 1, predict that the presence of oxygen vacancies induce new gap states (1.2 – 3.1 eV) 
above the valence band, with the maximum at 2 eV [83]. Furthermore, as the defect 
concentration increases, the position of the gap states moves towards EF. Consequently, the 
absorption of white light demonstrated in this study is attributed to electronic states induced in 
the band gap by oxygen vacancies. It follows that, during these reducing experiments, the 
chemical reaction followed the equations below:  
 
TiO2(rods, rutile) + H2  ⟶ ⏟
600 ℃
H2 flow
 
 TiO2−x + H2O
↗  
(7.1) 
TiO2(rods, rutile) + N2  ⟶ ⏟
600 ℃
N2flow
 
TiO2−x + N2O
↗  
(7.2) 
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8. CONCLUSIONS AND PERSPECTIVES 
 
In this thesis, titanium dioxide, a material suitable for the photo-electrochemical production of 
hydrogen, was successfully prepared on two types of substrates, namely F:SnO2 (FTO) and Ti 
foil. Rutile-phase TiO2 rods, which offer direct electrical pathways for photo generated 
electrons when used as the photo anode, were prepared on both types of substrates, while 
reduced rutile-phase TiO2, anatase-phase TiO2 tubes and mixed rutile-anatase-phase TiO2 
nanostructured films were developed on FTO-coated glass substrates only.  
 
Rutile TiO2 rods were prepared on FTO-coated glass by the hydrothermal method at 150 
oC 
for different times (6 – 20 hours) on FTO-coated glass substrate in an aqueous solution made 
of hydrochloric acid and titanium butoxide. It was found that the microscopic rod-like features 
consisted of bundles of crystalline prismatic TiO2 nanorods, each approximately 4 nm in width. 
Each bundle was tetragonally shaped and highly oriented with respect to the substrate surface. 
These samples were synthesized using an optimised growth time of 20 hours. It was also 
observed that the bundles of TiO2 nanorods acted as single entities from the point of view of 
Raman scattering (and thus lattice vibrations). The oriented bundles of TiO2 appeared to act as 
“larger” crystals to the lattice phonons. Hence, phonon confinement effects could not be 
observed, because translational symmetry was preserved at the boundaries between the 
nanorods within a bundle. Moreover, as the preferred orientation of the bundles perpendicular 
to the substrate surface improved with growth time, an unusual increase in the room 
temperature and low (77K) temperature Eg/A1g Raman band intensity ratios was observed. The 
low temperature Raman peak position and peak width data was interpreted as supporting the 
hypothesis that the bundles of nanorods acting as single entities from the point of view of the 
lattice phonons. The phonon symmetries and frequencies (in cm-1) of these bundles of rutile-
phase TiO2 were found to be consistent with rutile-phase TiO2 phonon symmetries and 
frequencies. 
 
Rutile-phase TiO2 nanorods on foil substrates were also synthesized by a two-step gel-
calcination method, which involves a gel-deposition process in 5 M NaOH solution at 76 oC 
for 24 hours to produce a Na- (and Ti-) based layer of gelatinous material, followed by 
calcination at 600 and 800 oC for 1 hour. It was shown that the use of an alkali-based solution 
such as NaOH and KOH during gel-deposition, led to the formation of faceted nanorods of 
rutile-phase TiO2 upon calcination at high temperature. When a solution that did not contain 
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any alkali element, such as H2O2, was used during gel-deposition, the shape of the newly 
formed nanostructures upon calcination at high temperature was clustered nanoparticles rather 
than nanorods. Based on these experimental observations, it was suggested that the high 
temperature calcination of a Na(or K)-based amorphous network of dendritic structures 
(formed on the Ti surface during a 24-h soak in a NaOH (KOH) solution) converts it into Na-
titanate. The titanate is in the shape of faceted nanorods, which in turn converts into faceted 
nanorods of rutile-phase TiO2 when Na(or K) evaporates in the form of an oxide. 
 
Anatase-phase TiO2 tubes were prepared by a one-step templating method on FTO-coated 
glass. The effects of ZnO rod template morphology and deposition procedure were studied and 
presented. A template made of ZnO rods was prepared by chemical bath deposition, and this 
was then treated under different experimental conditions in an aqueous solution of ammonium 
hexafluorotitanate and boric acid. Calcination at 550 oC converted the Ti-based material on the 
ZnO rods into TiO2 tubes. Specifically, it was observed that a short (10 minute) deposition led 
to the development of TiO2 tubes with dimensions resembling those of the ZnO template. The 
walls of the tubes were found to contain Zn related impurities. Based on experimental 
observations, a formation mechanism of anatase-phase TiO2 tubes was discussed. 
 
Mixed rutile-anatase-phase TiO2 nanostructures films on FTO-coated glass substrate were 
prepared by decorating rutile-phase TiO2 rods with anatase-phase TiO2 particles. The 
precursors used for decoration were ammonium hexafluorotitanate and boric acid. The effect 
of reaction time and precursor concentrations were investigated. It was found that the ratio 
between ammonium hexafluorotitanate and boric acid concentrations and the reaction time play 
key roles in controlling the decoration process.  
 
Finally, the optical properties of rutile-phase TiO2 rods were investigated. The thickness of the 
TiO2 layer was calculated from reflectance fringes, and agreed well with the length of rods 
observed using SEM. The obtained room temperature absorption edge of Eg=2.90 eV obtained 
from the transmittance spectrum agreed well with typical values reported for TiO2. The room 
temperature absorption edge of the conductive layer of F:SnO2 (Eg=3.56 eV) could also be 
extracted from the transmittance spectrum. In addition, the absorption of white light by rutile-
phase TiO2 rods was enhanced by annealing the rods in either hydrogen or nitrogen at 600 
oC. 
Defects (possibly oxygen vacancies) or disorder in the near surface layers of TiO2 induced 
during the reduction experiments led to the creation of new electronic states in the band gap.  
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Suggestions for future work 
 
Based on the work reported in this thesis, several follow-up experiments are suggested: 
 
• Further TEM studies of bundles of nanorods of rutile-phase TiO2 and of tubes of 
anatase-phase TiO2. 
• TEM studies of decorated TiO2 in order to establish an epitaxial relationship (if any) 
between rutile and anatase-phase material.  
• Further studies of the observed effects of annealing in a reducing environment on the 
crystal/defect structure, using positron annihilation, and Raman, X-ray photoelectron 
and Auger electron spectroscopy, coupled with high resolution TEM.  
• A comparison of the photo-electrochemical properties of the different types of samples 
produced in this work. 
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